1. INTRODUCTION {#mas21411-sec-0002}
===============

This review is a continuation of the six earlier ones in this series (Harvey, [1999](#mas21411-bib-0430){ref-type="ref"}, [2006](#mas21411-bib-0431){ref-type="ref"}, [2008](#mas21411-bib-0432){ref-type="ref"}, [2009](#mas21411-bib-0433){ref-type="ref"}, [2011](#mas21411-bib-0435){ref-type="ref"}, [2012](#mas21411-bib-0436){ref-type="ref"}) on the application of matrix‐assisted laser desorption/ionization mass spectrometry (MALDI) mass spectrometry (MS) to the analysis of carbohydrates and glycoconjugates. It is intended to bring the coverage of the literature to the end of 2010. Although the intention is to be a comprehensive as possible, there is an increasing tendency to publish MALDI data in Supplementary information. Because of the ever‐increasing number of papers and journals, it has not been possible to check all supplementary information and, consequently, papers that do not refer to MALDI in the main text may well have been omitted. Also omitted are papers that simply report the mass of glycoproteins and those concerned with nucleotides and nucleosides: the latter compounds, although containing carbohydrates are considered to be different types of compound.

MALDI continues to be a major technique for the analysis of carbohydrates; Figure [1](#mas21411-fig-0001){ref-type="fig"} shows the year‐by‐year increase in papers reporting use of the technique for the period 1991--2010. Because the review is designed to complement the earlier work, structural formulae, etc. that were presented earlier are not repeated. However, a citation to the structure in the earlier works is indicated by its number with a prefix designating the review containing the structure (i.e., **1/x** refers to structure **x** in the first review and **2/x** to a structure in the second). A large number of books and review articles directly concerned with, or including MALDI analysis of carbohydrates and glycoconjugates, have been published during the review period. Those of a general nature are listed in Table [1](#mas21411-tbl-0001){ref-type="table"}; those concerned with specific carbohydrate types are listed in the appropriate sections.
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2. THEORY {#mas21411-sec-0003}
=========

Details of the MALDI process are still not fully understood and several investigators have attempted to obtain greater understanding. Although not all of these studied have involved carbohydrates, they are included here because MALDI processes for different compounds are likely to be similar.

One of the commonly accepted models for the formation of analyte ions in MALDI‐MS assumes a primary ionization of the matrix, for example, by photoionization leading, among other things, to stable protonated and deprotonated matrix ions. Peptide and protein ions are then envisaged as being formed by secondary proton transfer reactions in the expanding matrix plume. This model has been checked experimentally by Hillenkamp et al. ([2009](#mas21411-bib-0458){ref-type="ref"}) by comparing the yield of positive to negative ions of three peptides (bradykinin, angiotensin I and fibrinopeptide A) and six matrices α‐cyano‐4‐hydroxycinnamic acid (CHCA, **1/23**), 2,5‐dihydroxybenzoic acid (DHB, **1/26**), 6‐azo‐2‐thiothymine (ATT, **1/45**), 4‐nitroaniline (4‐NA, **3/3**), 2‐amino‐5‐nitro‐4‐picoline (ANP, **1**) and 5‐aminoquinoline (5‐AQ, **2**), differing in gas‐phase basicity by about 100 kJ/mol. It was shown that the observed ion yields cannot be explained by any single and consistent set of parameters such as gas‐phase basicity or acidity of the analyte and matrix. It was concluded that the existing simple model needs be modified to fully explain the experimental findings.
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Liu et al. ([2009a](#mas21411-bib-0770){ref-type="ref"}) have used synchronized dual‐polarity MALDI MS to demonstrate incoherent production of positive and negative matrix ions. In both positive and negative ion modes, matrix ions were found to appear from thin, homogeneous DHB matrix films at different threshold laser fluences. The presence of singly charged molecular matrix ions suggests that the existence of DHB ion‐pairs may not be a prerequisite in the MALDI process. Photoelectrons induced by the laser excitation may assist the production of negative DHB ions, as shown in experiments conducted with stainless steel and glass substrates. At high laser fluences, the relative yield of positive and negative matrix ions remained constant when homogeneous matrix films were used, but the yield fluctuated significantly with inhomogeneous crystal morphology. This result was also inconsistent with the hypothesis that matrix ion‐pairs are essential primary ions. Thus, results from both low and high laser fluences suggest that the production of positive and negative matrix ions in MALDI may occur *via* independent pathways.

The same authors (Liu et al., [2010a](#mas21411-bib-0771){ref-type="ref"}) have examined the initial ionization reaction in MALDI based on the appearance of photoelectrons. The threshold laser fluence for the ejection of photoelectrons from DHB, sinapinic acid (**1/48**) and 2,4,6‐trihydroxyacetophenone (THAP, **1/44**) on stainless steel targets was found to be 0.05, 0.41, and 8.39 mJ/cm^2^, respectively. These values were considerably lower than those for MALDI ions, indicating that the electron detachment probably precedes other ionization reactions. The stainless steel target was thought to play an insignificant role in the production of photoelectrons because suspended DHB produced a photoelectron signal similar to DHB on the surface. In addition, decreasing the DHB thickness on the target reduced the photoelectron intensity. For crystalline DHB and sinapinic acid, the photoelectron intensity was found to increase with the laser fluence (nitrogen laser at 337 nm) in less than a second order relationship, suggesting considerable reductions of ionization potentials in comparison with free molecules. According to *ab initio* calculations, the ionization potential of DHB clusters was found to reduce as the cluster size increased from monomer to octamer. The paper discusses the impact of these abundant electrons on ion production in MALDI.

The earlier rate equation model for MALDI ion formation and reaction (Knochenmuss, [2002](#mas21411-bib-0646){ref-type="ref"}, [2003](#mas21411-bib-0647){ref-type="ref"}), has been extended to include positive and negative ions of both matrix and analyte (Knochenmuss, [2009](#mas21411-bib-0648){ref-type="ref"}). The resulting positive/negative ratios of secondary analyte ions show that a recent static equilibrium approach is not adequate for quantitative analysis of MALDI experiments. Although the ion ratios remain close to unity whenever the reaction free energies are at least moderately favorable, deviations from this condition result in unequal ratios of oppositely charged ions and show once again that the dynamic aspects of MALDI cannot be neglected.

Molecular dynamics simulations of MALDI have been performed to investigate laser pulse width and fluence effects on primary and secondary ionization process. At the same fluence, short (35 or 350 psec) pulses were found to give much higher initial pressures and ion concentrations than longer ones (3 ns). These differences were found not to persist because the system relaxes towards local thermal equilibrium on a nanosecond timescale. Higher fluences were found to accentuate the initial disparities. Axial velocities of ions and neutrals were found to span a wide range and to be fluence‐dependent. The total ion yield was found to be only weakly dependent on the pulse width and to be consistent with experimental estimates. Secondary reactions of matrix cations with analyte neutrals were efficient even though analyte ions were ablated in clusters of matrix (Knochenmuss & Zhigilei, [2010](#mas21411-bib-0650){ref-type="ref"}).

Lai et al. ([2010](#mas21411-bib-0696){ref-type="ref"}) have employed transition state theory for modeling the desorption of surface ions, assuming chemical and thermal equilibrium in the solid state prior to desorption. The method was different from the use of conventional models that assume chemical equilibrium in the gas phase. This solid‐state thermodynamic interpretation was used to examine the desorption of THAP and of an angiotensin I/THAP mixture. It successfully described the changes in ion yield with the effective temperature under various laser fluence and initial temperature conditions. The analysis also revealed the key role played by ion concentration in the modeling used to provide the best fit of the model to observations. Divergence of the ion beam with laser fluence was also examined using an imaging detection method and the signal saturation normally seen at high fluence was appropriately reduced by ion focusing. Simplified but deceptive theoretical interpretations were obtained when the analysis was conducted without adequate calibration of the instrument bias.

The laser plume produced by several ionic liquid matrices has been studied by a post‐ionization approach in which the neutrals in the ablation plume were ionized with a second laser pulse. It was found that after the initial event that produced the ions, a second, time‐delayed, ablation event occurred in which the plume contained only neutral molecules. The presence of these neutral molecules was explained by a reflected‐shockwave model in which the shockwave emerging from the laser ablation is reflected from the sample plate behind the sample. It was assumed that when the shockwave arrived at the sample surface it caused a second ablation of the neutral molecules (Hellwig et al., [2009](#mas21411-bib-0452){ref-type="ref"}).

The 355 nm multiphoton dissociation and ionization of 2,5‐dihydroxyacetophenone (DHAP, **1/43**) has been studied (Dyakov et al., [2009](#mas21411-bib-0286){ref-type="ref"}). The experimental results indicate that photoionization that occurs in the gas phase after DHAP vaporizes from the solid phase may not play an important role in the MALDI process.

3. INSTRUMENTATION {#mas21411-sec-0004}
==================

A combined IR‐MALDI ion source with an electrospray ionization (ESI) emitter for post desorption ionization has been described (Sampson, Murray, & Muddiman, [2009](#mas21411-bib-1152){ref-type="ref"}). The source produced multiply charged ions from proteins but singly charged ions from carbohydrates (*O*‐glycans cleaved from mucin (MUC) were tested) and avoided the fragmentation produced by some other techniques. IR‐MALDI MS with a laser emission in the 6 µm wavelength range, which utilized energy absorption at the CO double‐bond stretch region, has been investigated for analysis of several types of biomolecule. The softness of IR‐MALDI MS was evident in the negative ion mode where abundant \[M−H\]^−^ ions were obtained for acidic biomolecules with sulfate, phosphate, or carboxylate groups. Better sensitivity was obtained than with ultraviolet (UV) MALDI MS. Furthermore, there was no substantial loss of sialic acid due to the prompt fragmentation from sialylated glycoconjugates such as gangliosides. Such loss is a common problem with MALDI analysis of sialylated carbohydrates. The technique was used in conjunction with a potent new matrix, oxamide (**3**), resulting in the use of low laser fluence, and removing one of the limitations of MALDI MS for biomolecular analysis of UV‐MALDI‐sensitive molecules (Tajiri, Takeuchi, & Wada, [2009a](#mas21411-bib-1303){ref-type="ref"}).
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Tu and Gross ([2009](#mas21411-bib-1367){ref-type="ref"}) have reviewed methods for miniaturizing sample spots for MALDI analysis. Topics include minimizing sample dispersion by target modification, the use of hydrophobic materials as MALDI‐plate surfaces, the use of microdispensing devices such as piezoelectric dispensers and the use of droplet charging by induction or polarization. A simple device for MALDI sample preparation, based on the spraying of matrix/sample solution through a stainless steel sieve, has been used for the preparation of MALDI samples of peptides, polysaccharides (PSs) and high molecular weight (MW) proteins (Cristoni et al., [2009](#mas21411-bib-0244){ref-type="ref"}). The spectra obtained by laser irradiation of the resulting microspots exhibit resolution and sensitivity higher than those achieved by the commonly employed dried droplets method. Furthermore, the target surface was more homogeneous than those obtained by the dried droplet method. CHCA and super‐DHB (DHB + 2‐OH,5‐OMe‐benzoic acid) (s‐DHB) matrices were used and applications were to insulin and dextran oligomers.

Ultrasound produced by a simple piezoelectric device has been used as an alternative method for soft ionization of biomolecules. Cavitation was proposed as the major mechanism producing the ions and the technique was applied to carbohydrates, proteins and fatty acids. However, although an abundant ion, said to be the \[M+H\]^+^ from the high‐mannose glycan Man~8~GlcNAc~2~ (**5/20**), was obtained in the presence of DHB, THAP, or sinapinic acid, neither the mass nor the stated elemental composition were consistent with this structure (Wu et al., [2010a](#mas21411-bib-1464){ref-type="ref"}).

3.1. Ion Mobility Mass Spectrometry {#mas21411-sec-0005}
-----------------------------------

The recent availability of commercial ion mobility instruments offers another dimension to carbohydrate analysis by providing the ability to separate by molecular shape and offering the possibility of rapid isomer differentiation. However, resolutions on current instruments are comparatively poor and do not match those that can be obtained with high performance liquid chromatography (HPLC). A comparison of three types of ion mobility MS (field asymmetric waveform ion mobility (FAIMS), drift tube and traveling wave ion mobility spectrometry (TWIMS)) for separation of chiral molecules with applications to monosaccharides has been reported (Enders & McLean, [2009](#mas21411-bib-0295){ref-type="ref"}). Data are best reported as rotationally averaged collisional cross‐sections. These can be obtained directly with drift tubes and indirectly with the TWIMS instruments. Obtaining such measurements with FAIMS instruments, however, is more challenging.

Collisional‐cross sections have been measured for a large number of biologically relevant molecules including oligonucleotides (*n* = 96), carbohydrates (*n* = 192), lipids (*n* = 53), and peptides (*n* = 610). Collisional cross sections increased with mass but were found to be different for each molecular type in the order oligonucleotides \< carbohydrates \< peptides \< lipids. The specific correlations were best described by logarithmic regressions. Thus, the technique was able to separate compounds of different structures but with the same or similar MWs. In addition, some separation of compounds with the same mass within a particular class was possible. The latter point was demonstrated by separations of isobaric oligonucleotides, which were interpreted by molecular dynamics simulations (Fenn et al., [2009](#mas21411-bib-0319){ref-type="ref"}; McLean, [2009](#mas21411-bib-0857){ref-type="ref"}).

Fenn and McLean ([2009](#mas21411-bib-0318){ref-type="ref"}) have used ion mobility to extract carbohydrate ions from incubation mixtures obtained from protein‐*N*‐glycosidase (PNGase) F release of *N*‐glycans. Glycoproteins such as ribonuclease B (RNaseB) were first digested with trypsin followed by PNGase F and then analyzed directly by ion mobility MS with a Waters Synapt instrument. The carbohydrate ions showed different mobilities from peptide and other contaminating ions allowing them to be extracted directly from the crude mixtures. Both ESI and MALDI ion sources were used; the MALDI ion source was better at ionizing the larger carbohydrates and did not suffer from the problem of producing both \[M+H\]^+^ and \[M+Na\]^+^ ions that were seen in the ESI source. The technique would appear to have great potential for rapid glycan analysis, particularly as the Synapt instrument also offers the ability to fragment the isolated ions.

4. MATRICES {#mas21411-sec-0006}
===========

Hossain and Limbach ([2010](#mas21411-bib-0474){ref-type="ref"}) have reviewed matrices used for MALDI analysis of several compound classed including carbohydrates. The review covers common matrices such as DHB and CHCA and less common systems such as liquid matrices and carbon nanotubes (138 references). The use of ionic liquid matrices has also been included in a review by Liu et al. ([2009e](#mas21411-bib-0778){ref-type="ref"}) although the bulk of this review discusses the use of ionic liquids for sample preparation.

4.1. Common Matrices {#mas21411-sec-0007}
--------------------

The thermal stability of several commonly used crystalline matrices, 2,5‐DHB, THAP, CHCA, sinapinic acid, *nor*‐harmane (**1/35**) and harmane (**1/34**) has been studied by heating them at their melting point and characterizing the remaining material by a variety of spectroscopic and chromatographic techniques. In general, all compounds, except for CHCA and sinapinic acid, remained unchanged after fusion. CHCA showed loss of CO~2~, yielding a *trans*‐/*cis*‐4‐hydroxyphenylacrylonitrile (**4**) mixture. Sinapinic acid showed mainly *cis*‐ to‐*trans* thermal isomerization and, with very poor yield, loss of CO~2~ (Tarzi, Nonami, & Erra‐Balsells, [2009](#mas21411-bib-1329){ref-type="ref"}).

![](MAS-34-268-g076.jpg "mas21411-gra-5504")

1H‐Pteridine‐2,4‐dione (lumazine, **5**) has been described as a good matrix for phospholipids where the presence of cation‐containing compounds suppresses signals from neutral compounds. Phosphatidyinositol was reported to give a signal that was an order of magnitude higher than that obtained from DHB (Calvano, Carulli, & Palmisano, [2010](#mas21411-bib-0155){ref-type="ref"}).
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4.2. Matrices for Low‐Mass Compounds {#mas21411-sec-0008}
------------------------------------

### 4.2.1. Nanoparticles {#mas21411-sec-0009}

A number of papers have reported the use of various nanoparticles as matrices. Unlike traditional chemical matrices, these materials generally produced little or no signal in the low mass region, thus making them ideal for analysis of small carbohydrates.

Titanium dioxide micro‐ and nano‐particles, prepared by hydrolysis of Ti butoxide and maintained in aqueous solution, have been evaluated as matrices for the detection of several small molecules. Most of the reported applications were to lipids but the nanoparticles were also applied to flavonols/anthocyanins and their glycosides in rose petals. The spectra showed ions from many more small molecules than did spectra recorded from DHB, particularly in the region of the DHB matrix ions. One advantage of the nanoparticles is that their small size (average of about 200 nm) facilitates their penetration into tissue for *in situ* imaging (Lorkiewicz & Yappert, [2009](#mas21411-bib-0799){ref-type="ref"}). Titanium dioxide (TiO~2~) has also be used by Kawasaki, Okamura, and Arakawa ([2010](#mas21411-bib-0607){ref-type="ref"}) for ionization of several types of compound, including carbohydrates, with a similar absence of low mass matrix ions. In a study of the most suitable crystalline form, the anatase‐type TiO~2~, was shown to be the best.

Nanoparticles of diamond, TiO~2~, titanium silicon oxide, barium strontium titanium oxide, and silver have been examined for their potential as MALDI matrices for direct laser desorption/ionization of carbohydrates, especially fructans, from plant tissue. Two sample preparation methods including solvent‐assisted and solvent‐free (dry) deposition were compared. All examined nanoparticles except Ag were found to desorb/ionize standard sucrose (**6**) and fructans in both positive and in negative ion mode. In positive ion mode, sugars gave \[M+Na\]^+^ and/or \[M+K\]^+^ ions depending on the ionic composition of the sample spot, and \[M−H\]^−^ ions in negative mode. Ag nanoparticles yielded good signals only for non‐salt doped samples that were measured in the negative ion mode. When used to study fructans in plant tissues all the nanoparticles except Ag could desorb/ionize carbohydrates in both ion modes. nanoparticles gave similar limit of detection (LOD) for standard fructan triose (1‐kestose, **7**) in the positive ion mode and better LODs in the negative ion mode than those given by the common crystalline organic MALDI matrices such as DHB, *nor*‐harmane or carbon nanotubes. Although lower signal‐to‐noise ratio (*S*/*N*) signals were obtained from the tissues with solvent‐free matrix deposition than when solvent was used, the reproducibility averaged over all sample was more uniform (Gholipour et al., [2010](#mas21411-bib-0357){ref-type="ref"}).
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MALDI detection at the level of several hundred zmoles has been achieved by the addition of gold nanoparticles (AuNPs) with a diameter of several tens of nanometers into a sample solution (Shibamoto et al., [2009](#mas21411-bib-1207){ref-type="ref"}). *N*‐Acetyl‐tetraose 1 fmol/µL gave a strong signal in the presence of 50 nm AuNP (4.5 × 10^7^ particles). The mechanism appears to be related to surface plasmon (SP) excitation of the AuNPs.

Citrate‐capped AuNPs have been shown to act as matrices for the determination of several types of biomolecule, including carbohydrates such as starch, dextrins, and glycosphingolipids (GSLs) in the presence of high concentrations of salt (Wuhrer, Koeleman, & Deelder, [2009b](#mas21411-bib-1466){ref-type="ref"}). With the GSLs, however, some loss of sialic acid (**1/11**) was found.

A combination of immobilized silica and DHB on iron oxide magnetic nanoparticles has been shown to give a clean background and to be appropriate for the analysis of a range of small molecules, including glycolipids (Tseng et al., [2010](#mas21411-bib-1365){ref-type="ref"}). The ratio between SiO~2~ and DHB was found to affect the surface immobilization of DHB on the nanoparticle, critically controlling the ionization efficiency and background. Enhancements of molecular ion signal over those produced from DHB alone were noted and high quality product‐ion spectra were obtained. Fullerene (**8**)‐derivatized silica (pore size 30 nm) also appears to be good for small molecules including monosaccharides (Szabo et al., [2010b](#mas21411-bib-1292){ref-type="ref"}).
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Multifunctional ZrO~2~ nanoparticles and ZrO~2~--SiO~2~ nanorods have been successfully used as matrices for cyclodextrins in atmospheric pressure and vacuum MALDI. The LOD for cyclodextrins was found to be 7.5--20 fmol and the matrices were used to analyze cyclodextrins in urine samples (Kailasa & Wu, [2010](#mas21411-bib-0568){ref-type="ref"}). Manganese dioxide nanoparticles have been used to ionize ginsenosides with the advantage that the spectra lacked matrix ions in the low mass region allowing low‐mass post‐source decay (PSD) ions to be clearly visible. The technique was named nanoparticle‐assisted laser desorption/ionization (nano‐PALDI) (Sahashi, Osaka, & Taira, [2010](#mas21411-bib-1143){ref-type="ref"}).

4.3. Other Matrices for Small Carbohydrates {#mas21411-sec-0010}
-------------------------------------------

Single‐crystalline EuF~3~ hexagonal microdisks with hollow interiors have been prepared as background free matrices. The long‐lived excited state of europium ions is capable of transferring energy to the molecules allowing the microdisks to act as matrices. They were successfully used for analysis of small peptides, amino acids and hydroxypropyl β‐cyclodextrin (**9**) (Chen et al., [2009d](#mas21411-bib-0193){ref-type="ref"}). Another new matrix with low background is mesoporous silica, SBA‐15, functionalized with quinoline (Li et al., [2009d](#mas21411-bib-0749){ref-type="ref"}). The material was obtained by using calcined SBA‐15 and 8‐hydroxy‐quinoline (**10**). Compared with DHB and SBA‐15 itself, the modified material demonstrated several advantages in the analysis of small molecules such as less background interference ions, high homogeneity, and better reproducibility. Detection limits in the region of 8 pmol were reported.
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In a more traditional approach for reducing low‐mass matrix ions, Fujita et al. ([2010](#mas21411-bib-0337){ref-type="ref"}) have used β‐cyclodextrin (**4/6**) mixed with THAP or 2,4‐DHAP. The latter compounds, in particular, formed inclusion complexes with the cyclodextrin as demonstrated by the lack of a similar effect when the corresponding linear carbohydrate, maltoheptaose (**11**) was used as a co‐matrix.
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A method for recording negative ion spectra that is suitable for small molecules in that it produces no matrix‐related ions in the low mass region uses the proton sponge, 1,8‐*bis*(dimethylamino)naphthalene (DMAN, **12**) as a solution in ethanol as the matrix. This compound has very high proton affinity and can take up protons from even weak acids to form deprotonated anions. Moreover, DMAN in solution has a strong UV absorption band in the region 330--350 nm, fully compliant with frequencies of nitrogen and neodymium‐doped yttrium aluminium garnet (laser) (Nd:YAG) UV lasers. The matrix was found to be suitable for a range of small molecules including fatty acids, carbohydrates and prostaglandins (Shroff & Svato, [2009](#mas21411-bib-1212){ref-type="ref"}; Shroff & Svatos, [2009](#mas21411-bib-1213){ref-type="ref"}; Shroff et al., [2009](#mas21411-bib-1214){ref-type="ref"}). The authors proposed to name the technique as matrix‐assisted ionization/laser desorption, abbreviated as MAILD, MS (Shroff et al., [2009](#mas21411-bib-1214){ref-type="ref"}).

![](MAS-34-268-g084.jpg "mas21411-gra-5512")

Zhang et al. ([2010i](#mas21411-bib-1554){ref-type="ref"}) have reported a new method for the analysis of small molecules by using matrices such as metal‐phthalocyanines (MPc, **13**) which form matrix‐analyte adducts and shift the molecular ions into a high and interference‐free mass range. The mass of the target analyte was calculated by subtracting the mass of MPc from the mass of the MPc‐analyte adduct. The MPcs themselves were also detectable and could serve as internal standards. Various MPcs with aromatic or aliphatic groups and different metal centers were explored. Aluminum‐phthalocyanines (AlPcs), gallium‐phthalocyanines (GaPcs), and indium‐phthalocyanines (InPcs) were found to be efficient matrices for a large number of compound types and formed MPc‐analyte adducts in either the positive or negative ion mode. The detection limits varied from 17 to 75 fmol, depending on analyte.
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Graphene has also been reported to be a good matrix for low MW compounds with essentially no ions from the matrix (Dong et al., [2010](#mas21411-bib-0278){ref-type="ref"}). Colloidal graphite has also been used for atmospheric pressure MALDI and has been shown capable of producing both \[M+H\]^+^ and \[M−H\]^−^ from many types of small molecules, including glycosylated flavonoids (Perdian, Schieffer, & Houk, [2010](#mas21411-bib-1056){ref-type="ref"}).

4.4. Liquid Matrices {#mas21411-sec-0011}
--------------------

Two reviews on ionic liquids, including their use as MALDI matrices have been published (Soukup‐Hein, Warnke, & Armstrong, [2009](#mas21411-bib-1252){ref-type="ref"}; Sun & Armstrong, [2010](#mas21411-bib-1282){ref-type="ref"})

In an extensive study to find new liquid matrices 114 matrices were tested and 105 new ionic liquids were prepared (Crank & Armstrong, [2009](#mas21411-bib-0240){ref-type="ref"}). Both the anionic and cationic moieties were varied systematically to find a matrix with the best physical properties, analyte signal intensity and widest mass detection range. The developed matrices showed a wide mass detection range (\<1,000 Da to \>270,000 Da) for proteins and peptides with greater *S*/*N* ratios than solid matrices and could effectively ionize proteins of large mass without disrupting noncovalent interactions between monomers. It was found that both the proton affinity and p*K* ~a~ of the cation have a large effect on the ability of the matrices ionize the analyte. The matrices could be used to detect carbohydrates with fewer degradation products than solid matrices. *N*,*N*‐diisopropylethylammonium α‐cyano‐4‐hydroxycinnamate and *N*‐isopropyl‐*N*‐methyl‐*t*‐butylammonium α‐cyano‐4‐hydroxycinnamate were the best matrices for proteins and peptides, while *N*,*N*‐diisopropylethylammonium α‐cyano‐4‐hydroxycinnamate and *N*,*N*‐diisopropylethylammonium ferulate were found to be the best matrices for carbohydrates.

Another novel ionic liquid matrix has been made from the 1,1,3,3‐tetramethylguanidinium (**14**) salt of THAP and found to be well suited for the MALDI analysis of glycopeptides and glycans, particularly as it appeared to overcome the well‐known ionization suppression of carbohydrates in the presence of peptides. For example, even glycopeptides containing short peptide backbones and large carbohydrate moieties gave high signal intensities when using this matrix even though they did not produce spectra directly from THAP. In a second experiment, glycans were released with PNGase F from total tryptic digests derived from glycoproteins and analyzed by MALDI‐quadrupole ion trap (QIT)‐time‐of‐flight (TOF). When using the liquid matrix, it was possible to detect the glycans with high intensities in the presence of the tryptic peptides, whereas, once again, glycan ionization was completely suppressed when measured with THAP alone. The extent of metastable decay of glycopeptides was also found to be reduced when using the liquid matrix (Ullmer & Rizzi, [2009](#mas21411-bib-1378){ref-type="ref"}).
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Ionic liquid matrices have shown considerable advantages over conventional matrices for MALDI‐MS analysis of polysulfated carbohydrates such as heparin and heparin sulfate. These compounds are not easily analyzed by UV‐MALDI MS analysis because of the thermal lability of their *O*‐ and *N*‐SO~3~ moieties. Two new ionic liquid matrices based on the combination of 2‐(4‐hydroxyphenylazo)benzoic acid (HABA, **1/32**) with 1,1,3,3‐tetramethylguanidine or spermine (**1/30**) have been successfully applied to the analysis of these compounds (Przybylski et al., [2010b](#mas21411-bib-1092){ref-type="ref"}). These matrices gave improved signal‐to‐noise ratios as well as a decrease of fragmentation and desulfation. Sulfated oligosaccharides were detected with higher sensitivity than with the usual crystalline matrices, and their intact sulfated ions \[MNa\]^−^ were easily observed. MALDI‐MS characterization of challenging analytes such as heparin octasaccharide carrying eight *O* and four *N*‐sulfo groups, and heparin octadecasulfated dodecasaccharide was also successfully analyzed.

In a paper published in 2007, Gomenez et al. ([2007](#mas21411-bib-0365){ref-type="ref"}) reported that DHB, with vacuum drying to improve target spot homogeneity, was a better matrix than sinapinic acid for obtaining reliable molecular mass values of intact glycoproteins because it prevented sugar fragmentation. In a follow‐up to this work, the group have investigated the use of liquid matrices prepared from DHB and sinapinic acid with the aim of avoiding the vacuum drying step (Giménez et al., [2010](#mas21411-bib-0366){ref-type="ref"}). The best results were obtained with a variety of glycoproteins such as bovine α1‐acid glycoprotein, bovine fetuin and human transferrin (TF) from matrices prepared by adding an equimolar amount of butylamine (64.1 µL) to 3,242 µL of a 200 mM solution of sinapinic acid or DHB in MeOH. The mixture was vortexed and sonicated for 1 min, evaporated to approximately 100 µL with air, and finally reconstituted with 100 µL of EtOH or MeCN, for DHB and sinapinic acid mixtures, respectively. Furthermore, it was noted that both matrices gave the same masses for the tested glycoproteins that agreed with literature values, suggesting that no fragmentation of the carbohydrate moieties had occurred.

A matrix consisting of CHCA and aniline (**15**) has also proved to be successful for a number of different compounds, including raffinose (**16**) (Calvano, Carulli, & Palmisano, [2009](#mas21411-bib-0154){ref-type="ref"}). Although it was noted that this matrix gave a stronger signal than CHCA alone, the latter matrix is not very efficient in ionizing carbohydrates.
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4.5. Comparison of Matrices {#mas21411-sec-0012}
---------------------------

A comparative investigation of several matrices for analysis of the small carbohydrates, glucose (Glc, **1/4**) and sucrose (**6**) has been performed by Yang et al. ([2010c](#mas21411-bib-1499){ref-type="ref"}). Of the matrices studied, sodiated DHB, carbon nanotubes, an ionic liquid matrix of DHB‐pyridine, a binary matrix of DHB‐aminopyrazine (**6/7**), zinc oxide nanoparticles and AuNPs, the best sensitivity was provided by the carbon nanotubes. The detection limit was 3 pmol. Both carbon nanotubes and the ionic liquid matrix exhibited the highest reproducibility.

4.6. Sample Preparation {#mas21411-sec-0013}
-----------------------

Tzeng, Zhu, and Chang ([2009](#mas21411-bib-1369){ref-type="ref"}) have investigated doping various MALDI matrices with alkali metal hydroxides. It was found that for neutral underivatized oligosaccharides, the addition of 2% NaOH to DHB caused partial alkaline degradation by glycosidic cleavages upon laser desorption. The effect intensified when nonacidic compounds such as THAP or 5‐amino‐2‐mercapto‐1,3,4‐thiadiazole (AMT, **4/7**) were used as the matrix. The degradation allowed identification of the reducing end residue of the analyte and facilitated its structural characterization by PSD TOF‐MS. Use of matrices consisting of LiOH and THAP or AMT led to the production of singly as well as multiple lithiated ions. Multiple lithiation appeared to occur with carbohydrates containing free 3‐OH groups. Up to 6 Li atoms were found to be incorporated for maltoheptaose, β‐cyclodextrin, and dextran 1500. Such a "lithium tagging" technique makes it possible to differentiate positional isomers of milk‐neutral oligosaccharides, lacto‐*N*‐difucohexaose I and II (LNDFH‐I (**17**) and LNDFH‐II, (**18**)), without the need of chemical derivatization or tandem MS analysis.
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Choi and Lee ([2009](#mas21411-bib-0206){ref-type="ref"}) have studied the ionization efficiencies of maltooligosaccharides (degree of polymerization, DP 1--7) with the cations Na^+^, Li^+^, and K^+^ in salts containing TFA^−^, Cl^−^, and OH^−^ with DHB as the matrix. The signal strength rose with the number of glucose units with sodium consistently giving the most intense signals. The nature of the anion also affected the ionization with the TFA^−^ salts generally being the most effective.

A sample preparation method developed by Nishikaze and Amano ([2009](#mas21411-bib-0963){ref-type="ref"}) has been compared with the conventional dried‐droplet or ethanol (EtOH) recrystallization methods and reported to give superior results in terms of ion yield and signal‐to‐noise ratio. The method, named the "reverse thin layer method" consists of first, complete drying of the oligosaccharide solution on the MALDI target plate and then deposition of the matrix dissolved in a small amount of MeOH. Using this method, a relatively homogeneous matrix crystal was generated and higher yields of both positive and negative ions were obtained. The authors comment that the method could be applied to various other matrices including both solid and liquid matrices.

A method for direct archaebacterial glycolipid and lipid analysis by MALDI MS in intact membranes, without prior extraction/separation steps, has been developed by Angelini et al. ([2010](#mas21411-bib-0044){ref-type="ref"}). The purple membrane isolated from the extremely halophilic archaeon *Halobacterium salinarum* was used as a model, lyophilized and ground with 9‐aminoacridine (9‐AA, **6/18**). The mixture was crushed in a mechanical die press to form a thin pellet, small pieces of which were attached directly to the MALDI target. In parallel, solution spectra of individual phospholipids and glycolipids, were analyzed by MALDI‐TOF/MS using 9‐AA as the matrix. Results show that 9‐AA is a suitable matrix for the conventional MALDI‐TOF/MS analysis of lipid extracts from archaeal microorganisms, as well as for fast and reliable direct dry lipid analysis of lyophilized membranes.

A new technique termed matrix‐free material‐enhanced laser desorption/ionization mass spectrometry (mf‐MELDI‐MS) has been described which employs a single compound prepared by immobilizing bradykinin on silica gel coupled to 4‐(3‐triethoxysilylpropylureido)azobenzene (**19**) for both the MALDI matrix and a stationary phase for thin‐layer chromatography (TLC). The technique was applied to the analysis of carbohydrate reference standards such as glucose, sucrose, raffinose and plant extracts from *Quercus robur* (oak). Carbohydrates formed \[M+Na\]^+^ and abundant \[M+K\]^+^ ions. The MELDI material adsorbs the laser energy sufficiently for desorption and ionization and delivered excellent results in respect to signal‐to‐noise (*S*/*N*) ratio (*S*/*N* ratio: \>9/1) and sensitivity with a LOD in the low ng/mL range. For preparation of the TLC plates, the modified silica gel was suspended in methanol, acetone, acetonitrile or acetonitrile/water (1:1) for 3 min. About 15--20 mL of the suspension was applied in narrow channels cut into a stainless steel target in the form of a thin layer and dried at room temperature. The sample was placed on this layer for subsequent TLC in *n*‐BuOH/acetone/acetic acid/H~2~O (35:35:10:20) as mobile phase (Qureshi et al., [2010](#mas21411-bib-1100){ref-type="ref"}).
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5. MALDI IMAGING {#mas21411-sec-0014}
================

MALDI imaging has seen many developments during the review period and several reviews and related articles have been published; details are in Table [2](#mas21411-tbl-0002){ref-type="table"}.

###### 

Reviews and General Articles on MALDI Imaging

  ----------------------------------------------
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  ----------------------------------------------
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5.1. Methods for Producing High Resolution Images {#mas21411-sec-0015}
-------------------------------------------------

A mass spectrometer with ion mobility separation capability (Waters Synapt) has been used by Snel and Fuller ([2010](#mas21411-bib-1232){ref-type="ref"}) to produce high spatial resolution images of glucosylceramide (**20**) in the spleens of mouse models of Gaucher disease. The matrix (CHCA) was applied to the tissue sections with an airbrush. For data acquisition, the laser was continually fired at one position until no more ions were observed and then the sample was moved by 15 µm (laser diameter about 150 µm). Ions were generated from only the un‐irradiated surface at each of these positions achieving an effective spacing of 15 µm. At this spacing, it was possible to visualize macrophages enriched in glucosylceramide which could be distinguished from other cell types in the spleen. Current MALDI mass spectrometric imaging (MSI) spatial resolution is typically limited by the diameter of the laser spot‐size, which is usually between 50 and 100 µm, covering an area equivalent to tens of mammalian cells.
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Perdian and Lee ([2010](#mas21411-bib-1055){ref-type="ref"}) have addressed the problem of acquiring high resolution imaging with high resolution MS on an Orbitrap mass spectrometer. At a spatial resolution of 100 µm, the Orbitrap mass analyzer is able to image a 2,000 × 2,000 µm^2^ sample area in 7--14 min with one scan per step, depending on the resolution. If the spatial resolution is increased to 5 µm, the same size sample area will take more than 44--88 hr to complete the experiment, a time that is not practical in the normal laboratory. However, because the Orbitrap also has a linear ion trap (IT) analyzer, this was utilized, together with a two‐motion plate movement to reduce the time while maintaining the resolution. Thus, for every pixel position on the target, the laser spot was moved in a spiral fashion such that both Orbitrap and MS/MS data were acquired. With a fast Nd:YAG laser the data acquisition time was decreased by 43--49% compared to that from orbitrap‐only scans; however, 75% or more time could be saved for higher mass resolution and with a higher repetition rate laser. Using this approach, a high spatial resolution of 10 µm was maintained at IT imaging, while Orbitrap spectra were acquired at a lower spatial resolution, 20--40 µm, all with far less data acquisition time. Furthermore, various MS imaging methods were developed by interspersing MS/MS and MS fragmentation n times (MS^*n*^) IT scans during Orbitrap scans to provide more analytical information. The method was applied to several flavonol glycosides from an *Arabidopsis* flower petal in which MS/MS, MS^*n*^, IT, and Orbitrap images were all acquired in a single data acquisition. Spectra were acquired in negative mode and no matrix was required.

5.2. Matrix‐Free Methods {#mas21411-sec-0016}
------------------------

For UV‐absorbing compounds such as flavonoids and their glycosides, a matrix is not necessary for imaging as demonstrated by imaging at the single cell level of secondary metabolites in *Arabidopsis thaliana* and *Hypericum* species (Hölscher et al., [2009](#mas21411-bib-0467){ref-type="ref"}). The highest spatial resolution achieved, 10 µm, was much higher than that achieved by commonly used MALDI) imaging protocols.

A new matrix‐free technique called nanostructure‐initiator mass spectrometry (NIMS) has been developed for the analysis and tissue imaging of carbohydrates and steroids (Patti et al., [2010](#mas21411-bib-1040){ref-type="ref"}). Analysis was accomplished by spray depositing NaCl or AgNO~3~ with a fused‐silica PicoTip emitter onto a porous silicon surface to provide a uniform layer rich with cationization agents prior to desorption of the fluorinated polymer initiator. Upon laser irradiation, carbohydrates produced \[M+Na\]^+^ ions whereas steroids formed \[M+Ag\]^+^. For glucose, a plot of concentration against the ^12^C/^13^C~6~ ratio was linear with a correlation coefficient *R* ^2^ of 0.9975 over the range 1--200 mM. Carbohydrates and steroids could be detected down to the 800‐amol and 100‐fmol levels, respectively. The ability of the method to perform tissue imaging was demonstrated by imaging the distribution of sucrose in a *Gerbera jamesonii* flower stem and the distribution of cholesterol (**21**) in a mouse brain. The flower stem and brain sections were placed directly on the ion‐coated NIMS surface without further preparation and analyzed directly. No deposition of a matrix onto the sample surface was needed.
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A similar matrix‐free method, termed nano‐assisted laser desorption‐ionization (NALDI) MS for tissue imaging has been demonstrated by Vidová et al. ([2010](#mas21411-bib-1408){ref-type="ref"}). Commercially available nano‐structured surfaces were used as substrates for imprinting tissue sections. The lithographic transfers were washed and the lipids were imaged by laser desorption mass spectrometry (LDMS). The NALDI imaging of lipid transfers was compared with standard MALDI imaging of matrix‐coated (CHCA) tissue sections and the resulting images were found to be of the same quality with no spatial information being lost due to the imprinting process. NALDI imaging was reported to be faster due to the absence of the time‐consuming matrix deposition step, and the NALDI mass spectra were less complex and easier to interpret than MALDI spectra. The method was applied to the analysis of phospholipids, GSLs and glycerophospholipids in mouse kidney slices. NALDI MS was able to identify the same lipid species as MALDI and was reported to provide better distinction between kidney and adrenal gland tissues based on the lipid analysis.

Miura et al. ([2010a](#mas21411-bib-0878){ref-type="ref"}) have developed a MALDI imaging system that is claimed to be able to image from single cells in thin tissue sections. An indium tin oxide‐coated glass slide marked with a 50 µm‐wide mesh work to enabled matching of optical and MS images was used for mounting tissue sections. A suspension of HeLa cells in culture medium was mounted onto the slide and incubated for 6 hr at 37°C. Cells were then washed with phosphate‐buffered saline (PBS) and the appearance of single cells adhering to the glass was observed by optical imaging. The single cell‐adhered glass slide was then mounted onto MALDI sample plate with a parallel experiment involving brain tissue slices and the matrix, 9‐AA, was applied with an airbrush. Several metabolite peaks were detected at the position of the single cell. Adenosine triphosphate (ATP, **22**; *m*/*z* 505.99, identified by comparison with a standard sample) was identified with a good signal‐to‐noise ratio. Peaks were also obtained from other metabolites such as fructose‐1,6‐bisphosphate (**23**) and citrate. The report was claimed to be the first showing single cell metabolite analysis by MALDI‐MS.
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5.3. Imaging of Gangliosides and Other Glycolipids {#mas21411-sec-0017}
--------------------------------------------------

A major hurdle for imaging gangliosides in tissue using MS is that sialic acid residues can be dissociated in the ionization process. Chan et al. ([2009a](#mas21411-bib-0175){ref-type="ref"}) have investigated the ionic liquid matrix CHCA/1‐methylimidazol (**6/62**) (1:1 w/w) and have found that it produces excellent sensitivity for ganglioside detection without significant loss of sialic acid residues. The matrix was applied to the tissue samples with an airbrush; the method best adapted to handling a mixed matrix whose components have different volatilities. Image analyses of mouse brain tissue sections demonstrated that the *N*‐fatty acyl chains of gangliosides were differentially distributed in mouse hippocampal regions. Gangliosides with *N*‐C18 acyl chains were enriched in the CA1 region, while gangliosides with *N*‐C20 acyl chain were enriched in dentate gyrus.

Colsch and Woods ([2010](#mas21411-bib-0226){ref-type="ref"}) have developed a method for imaging sialylated GSLs in mouse brain. The total glycolipid profile was obtained by MALDI‐TOF following solvent extraction and then individual species were mapped from frozen brain slices by MALDI using a linear TOF/TOF system in negative ion mode. The matrix, which consisted of saturated 2,6‐dihydroxyacetophenone (DHAP, **1/49**) dissolved in 50% ethanol with the addition of ammonium sulfate (125 mM) and 0.05% of heptafluorobutyric acid (HFBA) was applied with a CHIP‐1000 chemical inkjet printer with a piezoelectric head. Twenty‐eight nanoliters of matrix were deposited per spot with the distance between two spots of 240 µm. The ammonium sulfate in the matrix mixture limited the formation of salt adducts, while the addition of HFBA increased the stability of DHAP in the vacuum and reduced its rapid sublimation. Some sialic acid loss was noted, particularly with GD1 and GT1, which were detected as the ganglioside (β‐[d]{.smallcaps}‐Gal*p*‐(1 → 3)‐β‐[d]{.smallcaps}‐GalNAc\[αNeu5Ac(2 → 3)\]‐β‐[d]{.smallcaps}‐Gal*p*‐(1 → 4)‐β‐[d]{.smallcaps}‐Glc*p*(1 → 1)Cer) (GM1). The results showed differences in GSL localization in several brain regions depending on the sialic acids and the ceramide (Cer).

Imaging of lipids, including GSLs, has been reported by Landgraf et al. ([2009](#mas21411-bib-0699){ref-type="ref"}) using a hybrid linear IT/Orbitrap mass spectrometer that allowed the acquisition of MS/MS spectra. A dramatic improvement in mass spectral resolution and a decrease in background were observed from lipids distributed within nerve tissue when compared with results obtained from fragmentation within the linear IT. The DHB matrix was applied to the dried tissue samples with an Epson inkjet printer and the MALDI ion source was operated at a pressure of about 75 mTorr. The technique was used to image lipids from rat spinal cord sections.

Goto‐Inoue et al. ([2009](#mas21411-bib-0385){ref-type="ref"}) have imaged the glycolipid, seminolipid (**24**) in mouse testis. This sulfated glycolipid comprises more than 90% of the glycolipid in mammalian testis and disruption of the gene catalyzing transfer of galactose (Gal) results in male infertility due to the arrest of spermatogenesis. Different molecular species are defined by fatty acid composition. Tissue imaging was performed from thaw‐mounted tissue slices that had been sprayed with DHB with an airbrush. It was found that the major molecule (C16:0‐alkyl‐C16:0‐acyl) was expressed throughout the tubules: some (C16:0‐alkyl‐C14:0‐acyl and C14:0‐alkyl‐C16:0‐acyl) were predominantly expressed in spermatocytes and the other (C17:0‐alkyl‐C16:0‐acyl) was specifically expressed in spermatids and spermatozoa. This is the first report to show the cell‐specific localization of each molecular species of seminolipid during testicular maturation. Experimental details for performing imaging of glycolipids using the airbrush application method for applying DHB, as used by this group, has been published separately (Goto‐Inoue, Hayasaka, & Setou, [2010a](#mas21411-bib-0383){ref-type="ref"}).
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The distribution and localization of GSLs present in mouse brain sections have also been investigated using nanoparticle‐assisted laser desorption/ionization imaging MS. AuNPs modified with alkylamine were used as a new matrix to maximize the detection of GSLs. The mouse brain was frozen in liquid nitrogen, and serial sections were thaw‐mounted onto indium‐tin oxide (ITO)‐coated glass slides. A thin layer of AuNPs or DHB matrix was applied to the surface with an airbrush. IMS analyses were performed by raster‐scanning in the *x*‐axis with a scan pitch of 200 µm in the *y*‐axis. Sulfatides and gangliosides were detected in mouse brain sections with the new matrix whereas it was difficult to detect them using DHB (Goto‐Inoue et al., [2010c](#mas21411-bib-0386){ref-type="ref"}). An oscillating capillary nebulizer (OCN) was also used by Chen et al. ([2010g](#mas21411-bib-0192){ref-type="ref"}) for analysis of sphingolipids in tissue slices in Tay‐Sachs/Sandhoff disease.

5.4. Imaging of Plant Tissues {#mas21411-sec-0018}
-----------------------------

In addition to the above‐mentioned matrix‐free methods, Jung et al. ([2010](#mas21411-bib-0565){ref-type="ref"}) have reported imaging of cellulose in poplar (*Populus deltoids*) stem using more traditional techniques. Analysis of microcrystalline cellulose was performed first to determine the best matrix. DHB gave much stronger signals than matrices such as CHCA or sinapinic acid and was applied to poplar cellulose with an OCN. Ions at *m*/*z* 1,500, 2,472, and 3,120 (DP 9, 15, and 19) were monitored with a Voyager DE STR instrument and produced images that closely resembled the optical image. Taira et al. ([2010a](#mas21411-bib-1299){ref-type="ref"}), on the other hand used an airbrush with CHCA to image ginsenosides in cross‐sections of *Panax ginseng* root and used MS/MS to obtain detailed structural information. Ginsenosides were found to be located more in the cortex and periderm than in the medulla and that they were at greater concentration in the root tip than in the center of the root. Several carbohydrates including hexoses (Hex) and [d]{.smallcaps}‐fructose 6‐phosphate have been imaged in eggplant (*Solanum melongena*, also known as aubergine) fruits from DHB although the paper was mainly concerned with imaging of γ‐aminobutyric acid (GABA, **25**) (Goto‐Inoue, Setou, & Zaima, [2010b](#mas21411-bib-0384){ref-type="ref"}).
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Li, Bohn, and Sweedler ([2010h](#mas21411-bib-0754){ref-type="ref"}) have compared two MS imaging methods, MALDI and SIMS, for glycan detection in the stems of the perennial grass *Miscanthus* × *giganteus*. Several methods of sample preparation were investigated for MALDI. A thin (2 nm) gold coating provided high quality signals of oligosaccharide‐related ions and DHB also showed high efficiency for ion production. On the other hand, CHCA produced only very weak spectra, consistent with its use as a stand‐alone matrix for carbohydrates. Direct laser ablation of untreated sections gave high resolution images, although coating the sections with a nanometer thick layer of gold greatly enhanced the quality of the SIMS images.

6. DERIVATIVES {#mas21411-sec-0019}
==============

Two reviews describing derivatization reactions have been published (Busch, [2010](#mas21411-bib-0147){ref-type="ref"}; Ruhaak et al., [2010b](#mas21411-bib-1135){ref-type="ref"}), the second (207 references) is more comprehensive and deals specifically with *N*‐linked carbohydrates.

6.1. Reducing Terminal Derivatives {#mas21411-sec-0020}
----------------------------------

### 6.1.1. Reducing Terminal Derivatives Prepared by Reductive Amination {#mas21411-sec-0021}

These derivatives are most often used for introducing fluorescent tags for chromatographic detection but also find use in MS. 2‐Aminobenzamide (2‐AB, **1/56**) and 2‐aminopyridine (2‐AP, **1/52**), favored by Japanese investigators, are the derivatives most frequently encountered; use of the latter derivatives has been reviewed by Hase ([2010](#mas21411-bib-0444){ref-type="ref"}).

Several new derivatives (or labels) have been reported. Thus, 5‐amino‐2‐naphthalenesulfonic acid (ANSA, **26**) has been used to derivatize *N*‐glycans by reductive amination for capillary electrophoresis (CE), HPLC, and MALDI‐TOF analysis (Briggs et al., [2009](#mas21411-bib-0140){ref-type="ref"}). The derivative was reported to give superior resolution in both CE and HPLC analysis to the well‐used 8‐aminopyrene‐1,3,6‐trisulphonic acid (APTS) derivatives and in MALDI‐TOF analysis, the negative charge enabled both neutral and acidic glycans to be examined simultaneously. 3‐Amino‐9‐ethylcarbazole (**6/19**) (Mou et al., [2009](#mas21411-bib-0912){ref-type="ref"}), another new derivatizing agent, has been reported to increase sensitivity of MS detection. 2‐Picoline‐borane (**27**) has been proposed as an alternative to toxic sodium cyanoborohydride for the reductive amination reaction (Ruhaak et al., [2010a](#mas21411-bib-1134){ref-type="ref"}).
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Pabst et al. ([2009](#mas21411-bib-1014){ref-type="ref"}) have compared the preparation and performance of 15 different labels for *N*‐glycan analysis. Several cleanup procedures were developed for cleaning these derivatives before analysis, of which hydrophilic interaction solid‐phase extraction (SPE) appeared to be the most widely used. However, the cleanup was laborious and a better method was sought. Simple addition of acetone resulted in the formation of a precipitate, which turned out to be the labeled oligosaccharide. A single addition and removal of acetone reduced the amount of reagent to approximately 0.2% (measured with 2‐AB). Two further extractions of the pellet with acetone reduced the excess of amine reagent by at least as much as clean‐up with a cyano‐SPE cartridge. In addition, reduction of the Schiff base of 2‐AP‐labeled glycans proceeded faster and/or required less reagent when the samples were pre‐purified before the addition of reducing agent. Acetone extraction was successfully applied to many other labels such as 2‐AB and 3‐aminobenzoic acid (2‐AA) (**1/57**). With respect to the performance of the individual labels, procainamide (**28**) emerged as more sensitive than 2‐AA for normal‐phase HPLC, but its chromatographic performance was not convincing. 2‐AP gave the lowest retention on reversed‐phase and graphitic carbon columns and, thus, appeared to be most suitable for glycan fractionation by multidimensional HPLC. Most glycan derivatives performed better than native carbohydrates in MALDI and ESI MS, but the sensitivity gain was small and hardly sufficient to compensate for sample loss during preparation.
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Amano et al. ([2009a](#mas21411-bib-0030){ref-type="ref"}) have labeled oligosaccharides with a pyrene derivative in order to acquire negative ion MALDI‐QIT‐TOFMS^*n*^ spectra. The oligosaccharides were reacted with pyrene butanoic acid hydrazine (**6/21**) and then reduced with NaBH~4~ and cleaned with a small C~18~ column. The derivatives gave intense and stable molecular ions in both positive and negative (\[M−H\]^−^ ions) modes and as little as 10 fmol of pyrene‐labeled oligosaccharides, such as monofucosyllacto‐*N*‐hexaose (**29**) gave sufficient signals for analysis. Although some fucose loss by in‐ and post‐source occurred in positive ion mode, this loss was significantly less in negative mode.
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A method, termed glycan reductive isotope labeling (GRIL) has been introduced for glycan quantitation. Free glycans or those released from glycoproteins, were derivatized by reductive amination with either \[^12^C~6~\]aniline or \[^13^C~6~\]aniline. These dual‐labeled aniline‐tagged glycans could be recovered by reversed‐phase chromatography and could be quantified by UV absorbance or MS. One labeled variety was used as the reference standard against which the test glycan, labeled with the other isotope was measured. Unlike previously reported isotopically coded reagents for glycans, the derivatives did not contain deuterium, which can sometimes be chromatographically resolved. The technique allowed linear relative quantitation of glycans over a 10‐fold concentration range and could accurately quantify sub‐picomole levels of released glycans (Xia et al., [2009](#mas21411-bib-1477){ref-type="ref"}).

On‐target derivatization with the matrix 3‐aminoquinoline (**1/24**) has yielded Schiff bases which could be measured directly in positive and negative ion mode from one single spot. The optimal conditions were 20 mg/mL of 3‐AQ in a MeCN‐water mixture (1:2 v/v) with 0.07% of an inorganic acid to give a pH of 5. In negative ion mode, spectra from chloride adducts of the derivatives were acquired from 1 fmol of oligosaccharide. Furthermore, PSD fragmentation in positive and negative ion mode was enhanced, providing information on oligosaccharide sequence, linkage, and branching. The method was applied to trifucosyllacto‐*N*‐hexaose (**30**) and trifucosyl‐*para*‐*lacto*‐*N*‐hexaose (**31**), two isomers occurring in human breast milk samples, which were easily identified and distinguished (Rohmer et al., [2010](#mas21411-bib-1123){ref-type="ref"}).
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Reductive amination derivatization has also been exploited in other areas, combined with their use in MS. Binding of sugar chains to proteins, viruses and cells is conveniently monitored by the surface plasmon resonance (SPR). Key to this method is the use of linker compounds for immobilization of the sugar chains to the gold‐coated SPR chip. Sato et al. ([2009a](#mas21411-bib-1162){ref-type="ref"}) have developed a novel linker molecule, named "f‐mono," which combines a linker with a fluorescent moiety to allow high sensitivity monitoring of the glycans. Since the molecule (**32**) contains a 2,5‐diaminopyridyl group and a thioctic acid group, conjugation with sugar chains can be achieved by the reductive amination reaction. The mass spectra of thee compounds contained a peak 2 Da higher than the molecular ion due to the reduction of the thioctic acid moiety providing a convenient method for identifying the glycans even using unfractionated crude samples. Immobilization of the derivatives onto gold‐coated chips, and their subsequent SPR analyses were successively accomplished.
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### 6.1.2. Hydrazones {#mas21411-sec-0022}

Use of hydrazone formation removes the need for a reductive step to stabilize the derivative as required by Schiff base formation from primary amines. Experimental details for synthesis of the phenylhydrazone derivatives discussed in earlier reviews (Lattova & Perreault, [2003a](#mas21411-bib-0701){ref-type="ref"},[2003b](#mas21411-bib-0702){ref-type="ref"}; Lattova, Perreault, & Krokhin, [2004](#mas21411-bib-0703){ref-type="ref"}) have recently been reported in an edition of *Methods in Molecular Biology* devoted to glycomics (Lattová & Perreault, [2009](#mas21411-bib-0704){ref-type="ref"}).

Small oligosaccharides and *N*‐glycans from chicken ovalbumin have been converted into their biotin derivatives by incubating them with biotinamidocaproyl hydrazide (BACH, **33**) (Kapková, [2009](#mas21411-bib-0588){ref-type="ref"}). The derivatives imparted improved mass spectral sensitivity over that of the free glycans and, because the labeling reagent contained a biotin handle, it allowed the interaction between lectins and biotin‐derivatized oligosaccharides to be investigated. Fragmentation of the *N*‐linked glycans was dominated by Y and B/Y‐type glycosidic ions.
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Han et al. ([2010a](#mas21411-bib-0416){ref-type="ref"}) have used a new substituted hydrazine, 1‐(4‐cyanophenyl)‐4‐piperidinecarbohydrazide (**34**) and produced a derivative that increased detection sensitivity by about 10‐fold over that from the underivatized glycan. The observation of \[M+Na\]^+^ ions rather than the expected \[M+H\]^+^ species suggested that the sensitivity increase was the result of increased hydrophobicity. MALDI analysis employed DHB and super‐DHB; recrystallization of the super‐DHB sample with acetonitrile substantially improved the signal‐to‐noise ratio and reproducibility.
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Girard\'s T reagent (**1/55**), with its constitutive cationic charge, has been used in quantitative measurements, as described below and for measuring α‐galactose‐containing *N*‐glycans in porcine pig corneal endothelial cells and keratocytes (Kim et al., [2009c](#mas21411-bib-0629){ref-type="ref"}). Because of the in‐built charge, signal strengths from glycans of different structures were thought to be equal. This is not necessarily the case for formation of \[M+Na\]^+^ ions.

### 6.1.3. Reducing‐Terminal Derivatives Prepared by Other Methods {#mas21411-sec-0023}

Rather than reacting the reducing‐terminal aldehydes of carbohydrates with amines or hydrazines, the reverse reaction can be used if the glycan is first converted into its glycosylamine (**35**). In fact, this type of reaction can be used directly on PNGase F‐released *N*‐glycans because these are released in this form. Chemical formation of glycosylamines generally utilizes the Kochetkov reaction in which the glycan is treated with an excess of ammonium carbonate. Unfortunately, this reaction is slow and can take up to five days for completion. To overcome this problem, Liu, Salas‐Solano, and Gennaro ([2009h](#mas21411-bib-0787){ref-type="ref"}) have used microwave assistance to speed the reaction up to as little as 90 min. Following amidation the glycans were reacted with *tris*‐(2,4,6‐trimethoxyphenyl)phosphonium acetic acid *N*‐hydroxysuccinimide ester (**36**) to introduce a permanent charge on the glycan and the investigators were able to detect derivatized maltoheptaose at 2 fmol/µL by MALDI‐TOF MS using DHB and CHCA matrices. Glycans from RNaseB, chicken ovalbumin and asialofetuin were also detected at high sensitivity. A potential problem arises from possible cleavage of the reducing‐terminal *N*‐acetylglucosamine (GlcNAc) residue as such a reaction has recently been reported as a by‐product of the Kochetkov reaction when, for example, ammonium bicarbonate at 37°C was used (Murase & Kajihara, [2010](#mas21411-bib-0920){ref-type="ref"}).

![](MAS-34-268-g105.jpg "mas21411-gra-5533")

![](MAS-34-268-g106.jpg "mas21411-gra-5534")

Several carbohydrates, including maltoheptose, blood type B antigen, pullulan and the glucan of *Ganoderma lucidum* have been converted into their naphthimidazole (NAIM) derivatives (**37**) in high yields by the iodine‐promoted oxidative condensation (Scheme 1; Lin et al., [2010b](#mas21411-bib-0760){ref-type="ref"}). The reaction took about 6 hr to go to completion giving derivatized carbohydrates that gave enhanced MALDI signals (\[M+H\]^+^ ions) compared with those from the free carbohydrates or their 2‐AB derivatives with DHB or THAP as matrices. Less than 1 pmol of carbohydrate could be detected. Furthermore, the derivatives could easily be hydrolyzed to the parent glycans. A further series of such derivatives has been synthesized by condensation with diamines such as substituted benzene‐1,2‐diamine (**38**) in order to increase hydrophobicity and detection sensitivity (Lin et al., [2010c](#mas21411-bib-0761){ref-type="ref"}). Using maltotriose (**11**, *n* = 1), derivatives with pyrimidine‐4,5‐diamine (**39**), pyridine‐3,4‐diamine (**40**) and 1,2,5‐oxadiazole‐3,4‐diamine (**41**) gave the strongest signals.
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6.2. Derivatives of Other Sites {#mas21411-sec-0024}
-------------------------------

### 6.2.1. Hydroxyl Groups---Permethylation {#mas21411-sec-0025}

Permethylation has long been used in carbohydrate analysis, most frequently for linkage determination by gas chromatography/mass spectrometry (GC/MS) following hydrolysis and acetylation (permethylated alditols acetates). However, there appears to be an increasing trend to employ the reaction for MALDI analysis. The advantage of permethylation is that it increases sensitivity and several investigators employing its use appear to detect larger glycans, particularly *N*‐glycans, than by the use of underivatized glycans. However, sample clean‐up of the highly basic reaction mixtures can be a problem with, in some cases, losses offsetting any gain in sensitivity. Introduction of solid‐phase permethylation has improved the situation. Experimental details of the solid phase permethylation method (methyl iodide on sodium hydroxide beads) (Kang, Mechref, & Novotny, [2008](#mas21411-bib-0583){ref-type="ref"}; Kang et al., [2005](#mas21411-bib-0584){ref-type="ref"}) that is capable of permethylating very small amounts of carbohydrate have been published in *Methods in Molecular Biology* (Mechref, Kang, & Novotny, [2009a](#mas21411-bib-0859){ref-type="ref"}). On the negative side, it has been reported that permethylation can lead to loss of *O*‐linked acetyl groups from certain sialic acids (Liu & Afonso, [2010](#mas21411-bib-0784){ref-type="ref"}).

An extension of the solid‐phase method to allow sulfated glycans to be analyzed by MALDI‐TOF MS has been developed (Lei, Mechref, & Novotny, [2009](#mas21411-bib-0732){ref-type="ref"}). Sulfated glycan samples were permethylated followed by methanolytic cleavage of the sulfate groups. The desulfated, permethylated glycans were then subjected to another permethylation step using deuteromethyl iodide to label the hydroxyl groups that were exposed by removal of the sulfates. The number of attached sulfate groups could be calculated from the mass‐shift caused by the presence of the deuterium label and the position of the sulfate substitution could be determined by collision‐induced dissociation (decomposition) (CID). The method was validated with linear standard glycans and used to identify sulfated *N*‐glycans released from bovine thyroid‐stimulating hormone (bTSH).

Yu et al. ([2009c](#mas21411-bib-1526){ref-type="ref"}) have shown that it is possible to permethylate sulfated glycans with methyl iodide and sodium hydroxide (Ciucanu and Kerek method) (Ciucanu & Kerek, [1984](#mas21411-bib-0218){ref-type="ref"}), without loss of the sulfated glycans. The trick is to avoid the normal chloroform/water partition stage, which results in much of the sulfated material (unmethylated) partitioning into the aqueous phase. Instead, clean‐up employed C18 reversed‐phase SPE cartridges and microtips self‐packed with NH~2~‐beads. The methylation reaction was capable of methylating phosphates but not sulfates, allowing them to be readily identified.

### 6.2.2. Derivative Formation From Sialic Acids {#mas21411-sec-0026}

Formation of methyl esters by reaction of the sodium salt with methyl iodide has frequently been used to stabilize sialic acids to MALDI analysis by eliminating the labile proton on the acid group. An alternative procedure for methyl ester formation that provides information on the sialic acid linkage directly from the MALDI spectrum has been published by Wheeler, Domann, and Harvey ([2009](#mas21411-bib-1453){ref-type="ref"}) (Fig. [2](#mas21411-fig-0002){ref-type="fig"}). The sugars were desalted, dried, dissolved in methanol and treated with 4‐(4,6‐dimethoxy‐1,3,5‐triazin‐2‐yl)‐4‐ethylmorpholinium chloride (DMT‐MM, **5/12**). After removal of the solvent, the products were transferred directly to the MALDI target and examined from DHB. However, for the analysis of small amounts of *N*‐glycans derived from biological sources, the method benefited from an additional clean‐up stage involving the use of a Nafion 117 membrane. Unlike the reaction with methyl iodide with the sodium salt that produced a single peak from each sialylated glycan, irrespective of the linkage, the reaction with DMT‐MM produced different derivatives from α2 → 3‐ and α2 → 6‐linked sialic acids. The α2 → 6‐linked sialic acids produced only methyl esters whereas α2 → 3‐linked sialic acids were converted into their lactones providing a 32 Da difference in mass, thus enabling the linkage to be determined directly from the MALDI‐TOF spectrum (Fig. [2](#mas21411-fig-0002){ref-type="fig"}). Negative ion CID mass spectra of these neutralized glycans provided information, in many cases, on the antenna of *N*‐linked glycans to which the variously linked sialic acids were attached. In an application of the method to the glycoprotein carcinoembryonic antigen‐related cell adhesion molecule 1 (CEACAM1), it was shown that both α‐2 → 3‐ and α‐2 → 6‐linked sialic acids were present (Harvey, Baruah, & Scanlan, [2009a](#mas21411-bib-0438){ref-type="ref"}).

![Positive ion MALDI‐TOF spectrum of *N*‐glycans released from bovine fetuin and derivatized with methanol in the presence of DMT‐MM.](MAS-34-268-g002){#mas21411-fig-0002}

4‐(4,6‐Dimethoxy‐1,2,3‐triazil‐2‐yl)‐4‐methylmorpholinium chloride in the presence of ammonium chloride, converts sialylated glycans into amides with the same linkage‐specific reactivity difference. Thus, the α2 → 3‐linked sialylated glycans yield lactones, as above, whereas the α2 → 6‐linked compounds form amides. Alley and Novotny ([2010](#mas21411-bib-0025){ref-type="ref"}) have used this reaction to examine blood serum glycoproteins but their technique differed from the above methyl ester formation in that the glycans were permethylated after reaction with DMT‐MM. This reaction formed the methyl ester from the α2 → 3‐linked compounds as the result of the opening of the lactone ring, whereas the amide that was derived from the α2 → 6‐linked compounds was converted into the corresponding dimethyl‐amide with a 13 Da increase in mass over that of the methyl ester.

4‐(4,6‐Dimethoxy‐1,2,3‐triazil‐2‐yl)‐4‐methylmorpholinium chloride can also be used to form substituted amides directly and has been used by Endo et al. ([2009](#mas21411-bib-0296){ref-type="ref"}) to link the fluorescent derivative 2‐(2‐pyridylamino)ethylamine (PAEA, **42**) to the carboxy group of sialic acids in sialo‐oligosaccharides and gangliosides. The derivative gave good HPLC and TLC sensitivity and possessed the following advantages for MALDI analysis: suppression of preferential cleavage of Neu5Ac; enhancement of molecular‐related ion intensities; simplification of MS spectra; and finally, since PAEA‐amidation did not cleave the linkage between sugar and aglycon, allowed MALDI‐TOF‐MS and MS/MS analyses to reveal the complete structure of the molecule.
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4‐(4,6‐Dimethoxy‐1,2,3‐triazil‐2‐yl)‐4‐methylmorpholinium chloride has also been used to form amides from hexuronic acids (HexAs) in an investigation of the *N*‐linked glycosylation of structural subunit RvH2 of *Rapana venosa* hemocyanin (Dolashka et al., [2010](#mas21411-bib-0273){ref-type="ref"}). As well as containing the rather unsusal (for *N*‐glycans) hexuronic acid, the glycans also contained naturally methylated hexoses and internal fucose residues.

Gil et al. ([2010](#mas21411-bib-0362){ref-type="ref"}) have stabilized sialic acids by formation of amides with acetohydrazide under mild acidic conditions in the presence of 1‐ethyl‐3‐(3‐dimethylaminopropyl) carbodiimide hydrochloride (EDC, **43**). Glycoproteins were first reduced and alkylated and then the sialic acids were amidated. Glycans were released with PNGase F and a permanent charge was attached to the reducing terminus by further reaction with Girard\'s T reagent. Alternatively, derivatization with 2‐AA was used and the products were examined both by HPLC and MALDI‐TOF MS. The amidation reaction was performed on the glycoprotein because acetohydrazide would also have reacted with the aldehyde function of the released glycan, precluding derivatization with an amine more suited to the detection method used for monitoring the glycans. The method was applied to the analysis of *N*‐glycans from transgenic pig‐derived human factor IX.
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Another method for synthesis of methylamides has been reported by Liu et al. ([2010i](#mas21411-bib-0786){ref-type="ref"}). Sialylated glycans were reacted with methylamine in the presence of (7‐azabenzotriazol‐1‐yloxy)trispyrrolidinophosphonium hexafluorophosphate (PyAOP, **44**) and *N*‐methylmorpholine (**45**) for 30 min at room temperature. After methylamidation, sialylated glycans were analyzed by MALDI‐TOF and ESI MS without loss of the sialic acid moiety. Both α2 → 3‐ and α2 → 6‐linked sialic acids were quantitatively converted to their methylamides. This method was validated with *N*‐glycans released from the well‐characterized glycoproteins, fetuin, human α1‐acid glycoprotein, and bovine α1‐acid glycoprotein and was used to study *N*‐glycans from serum glycoproteins from human, mouse, and rat. Both Neu5Ac and *O*‐acetylated analogues were stable under MALDI conditions.
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### 6.2.3. Other Derivative‐Related Methods {#mas21411-sec-0027}

Glycopeptides tend to produce weaker signals than nonglycosylated peptides and it is frequently difficult to observe their molecular ions in samples rich in unglycosylated peptides. Amano et al. ([2010](#mas21411-bib-0032){ref-type="ref"}) have developed a highly sensitive on‐plate pyrene derivatization method using 1‐pyrenyldiazomethane (**46**) for acquisition of MALDI MS^*n*^ spectra of glycopeptides in amounts of less than 100 fmol. Unusually, the pyrene groups were easily released from glycopeptides during ionization when DHB was used as a matrix. Thus, most ions were observed in their underivatized form. At the same time, pyrene derivatization was found to reduce the ionization of peptides and to produce signals from the glycopeptides that were strong enough for acquisition of MS^*n*^ spectra that contained ions from both glycan and peptide. When the liquid matrix, 3AQ‐CHCA, was used, the sialic acid linkages of the pyrene sialylated glycopeptides were found to be stable because of inefficient release of the pyrene group allowing MS^*n*^ spectra of the intact glycans to be obtained. The method was used to examine glycopeptides from 1 ng of prostate specific antigen.
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Ohara et al. ([2009](#mas21411-bib-0984){ref-type="ref"}) have developed a method for analysis of sulfated carbohydrates by forming complexes with 1‐(pyren‐1‐ylmethyl)guanidine (PMG, **47**) from a matrix consisting of this compound and *p*‐nitroaniline (**3/3**). Two types of sulfated carbohydrate were examined, chondroitin sulfate (**48**) and carrageenan (**49**). The PMG complexed with the sulfate group and was eliminated under MALDI conditions such that the molecules produced a ladder of peaks separated by masses corresponding to losses of each complexed sulfate (mass difference 353 U). In positive ion mode, the molecular ions from the chondroitin sulfates contained one more PMG molecule than the number of sulfate groups. One PMG group was presumed to bind to a carboxylate group. In negative mode, one less PMG molecule was bound. Carrageenans showed a slightly different pattern in that the number of PMG molecules found in the positive ion spectra equaled the number of sulfates.
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Sialic acids are classically analyzed by HPLC after formation of fluorescent 1,2‐diamino‐4,5‐methylenedioxybenzene (DMB, **50**) derivatives. These derivatives require an α‐keto acid group in the sialic acid. Galuska et al. ([2010b](#mas21411-bib-0345){ref-type="ref"}) have developed a method for specifically measuring nucleotide‐activated sialic acids in the presence of unactivated acids by first reducing the keto group that is present only in the non‐activated acids. Under the conditions of the derivatization reaction, the nucleotide group was removed leaving, in the case of the activated acids, only, an intact α‐keto acid group that reacted with the DMB reagent. Subsequent analysis was by HPLC and MALDI‐TOF.
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7. GLYCAN ARRAYS {#mas21411-sec-0028}
================

MALDI MS is used extensively in analyses with glycan arrays as summarized in recent reviews (see Table [3](#mas21411-tbl-0003){ref-type="table"}). Table [4](#mas21411-tbl-0004){ref-type="table"} lists glycans that have been used in array construction.

###### 

Reviews on Glycan Arrays

  ----------------------------------------------
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###### 

Glycans Used to Construct Glycoarrays
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Most of the above work has been with carbohydrate preparations prior to array construction. However, MALDI MS has also been used to interrogate arrays directly. As an example, a new type of glycan array covalently or non‐covalently attached to aluminium oxide‐coated glass slides has been developed for studies of enzymatic reactions and protein binding (Chang et al., [2010](#mas21411-bib-0179){ref-type="ref"}). The array was prepared by tagging glycans with a polyfluorinated hydrocarbon (**51**) tail and spotting them robotically onto the aluminium oxide‐coated slide surface which contained a layer of polyfluorinated hydrocarbon terminated with phosphonate. After incubation and washing, the noncovalent array was characterized by MALDI‐TOF at a low laser energy without addition of matrix. A cellotetraose ([d]{.smallcaps}‐Glc‐(β‐(1 → 4)‐[d]{.smallcaps}‐Glc)~2~‐β‐(1 → 4)‐[d]{.smallcaps}‐Glc) array was developed to study the activity and specificity of different cellulases and to differentiate the exo‐ and endoglucanase activities. Compared to the preparation of glycan arrays on glass slides and other surfaces, this method using phosphonic acid reacting with aluminium oxide‐coated was said to be more direct, convenient and effective and represented a new platform for the high‐throughput analysis of protein--glycan interactions.
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In another application, a ligand affinity capture (LAC) method for detection of biotinylated biomolecules has been developed by Jørgensen, Juul‐Madsen, and Stagsted ([2009](#mas21411-bib-0561){ref-type="ref"}). Metal‐coated glass slides were treated with amino‐silane and derivatized with biotin followed by avidin. Biotinylated biomolecules could then be captured and detected in the low femtomole to low picomole range by MALDI‐TOF MS using CHCA in a dried droplet method. The technique was used to detect biotinylated lipopolysaccharide (LPS) and its binding to the antagonist polymyxin B.

The α‐mannose‐specific lectin Concanavalin A (Con A) has been bound to polydopamine‐modified gold, indium, and iridium surfaces and its activity was demonstrated with RNase B using SPR spectroscopy. Surface‐MALDI‐TOF MS experiments revealed that the affinity of the immobilized Con A depended on the oligosaccharide structure and composition. Thus Con A was found to bind certain Man~7~‐ (**4/20**), Man~8~‐ (**5/20**), and Man~9~‐GlcNAc~2~ RNase B glycoforms more strongly than Man~5~‐ and Man~6~‐GlcNAc~2~ glycoforms (Morris, Peterson, & Tarlov, [2009](#mas21411-bib-0908){ref-type="ref"}).

8. QUANTIFICATION {#mas21411-sec-0029}
=================

Concern has frequently been expressed about the ability of MALDI‐TOF MS to provide quantitative information. Fortunately, this concern appears to be unjustified as two recent studies have shown. Thus, a systematic study of widely different glycopeptides was performed by Thaysen‐Andersen, Mysling, and Højrup ([2009](#mas21411-bib-1340){ref-type="ref"}) to determine the relationship between the relative abundances of the individual glycoforms and the MALDI‐TOF MS signal strength. Glycopeptides derived from glycoproteins containing neutral glycans (RNaseB, IgG, and ovalbumin) were profiled and yielded excellent and reproducible quantitation (correlation coefficient *r* = 0.9958, *n* = 5) when evaluated against a normal‐phase HPLC 2‐AB glycan profile. Similarly, precise quantitation was observed for various forms of *N*‐glycans (free, permethylated, and fluorescence‐labeled) using MS. In addition, three different sialo‐glycopeptides from fetuin were site‐specifically profiled, and good correlation between peak intensities and relative abundances was found with only a minor loss of sialic acids (*r* = 0.9664, *n* = 5). For glycopeptide purification, a range of hydrophilic and graphite materials packed in microcolumn format was evaluated and proved capable of desalting without loss of quantitative information. Thus, MALDI‐TOF MS signal strength of glycopeptides has been found to accurately reflect the relative quantities of glycoforms, enabling rapid and sensitive site‐specific glycoprofiling of *N*‐glycan populations.

The second study relates to the concern that has often been expressed over possible losses of fucose residues when glycans are ionized by MALDI. Tajiri, Kadoya, and Wada ([2009b](#mas21411-bib-1304){ref-type="ref"}) have recently assessed possible fucose loss and found it to be insignificant. Fucose (Fuc) is known, however, to migrate within \[M+H\]^+^ ions particularly when these are derivatized by reductive amination. Experiments on fucose loss were conducted with fucosylated glycopeptides from TF and haptoglobin. Studies with increasing collision energy on the \[M+H\]^+^ ions showed that the major fragmentation was cleavage at GlcNAc residues. Biantennary glycans containing α1,3/4‐antenna fucose or α1,6‐core fucose showed different fragmentation behaviors in experiments. Stability was dependent on peptide backbone sequences. Cleavage of the GlcNAcβ1 → 2Man linkage occurred at a slightly lower activation energy than for the core fucosylated (CF) species, while the linkage of α1,6‐core fucose was more stable than that of antenna α1,3/4 fucose. However, these fragmentations only occurred at relatively high collision energy. Consequently, the authors concluded that quantitation of fucosylated glycans by MS of glycopeptides, without collisional activation, was justified. The fucosylation levels calculated from the signal intensities in nanospray ionization and UV MALDI mass spectra were essentially the same. The mass spectrometric profiling of glycopeptides from TF from patients with congenital disorders of glycosylation (CDG‐Ia and CDG‐IIc) demonstrated that the elevation or reduction of fucosylation in pathological conditions can be reliably determined by MS of glycopeptides.

In spite of these reassurancies, it is possible that for mixtures of compounds, complex suppression effects may degrade quantitative results. Consequently some investigators prefer LC/MS methods because the LC step removes, or minimizes, the effect that other compounds in a mixture have on the ionization of the target compounds.

Instability of sialylated glycans under MALDI conditions complicates quantification and errors can possibly also be introduced by unequal ionization of glycans in mixtures. To overcome these problems with *N*‐glycans from a therapeutic glycoprotein from a Chinese hamster ovary (CHO) cell line, Jang et al. ([2009a](#mas21411-bib-0538){ref-type="ref"}) first formed methyl esters of the sialic acids to stabilize them and then converted the glycans to their Girard\'s T derivatives. These derivatives have a constitutive positive charge, thus overcoming the problem of unequal ionization. Percentages of sialylated glycans were measured at 22.5 and 5.2% in two cell lines. The results were comparable to those obtained by NP--HPLC combined with fluorescence detection using 2‐AB or 2‐AP derivatization. Girard\'s T derivatives have also been used by Kim et al. ([2009a](#mas21411-bib-0627){ref-type="ref"}) to quantify glycans released from GSLs originating from miniature pig endothelia and islet cells.

A method using a deoxyribonucleic acid (DNA) sequencer has been described for the quantitative analysis of plant *N*‐glycans released with PNGase A or F and derivatized with APTS (**1/59**). MALDI‐TOF analysis was used to confirm structures with the aid of exoglycosidase digestions (Lee et al., [2009i](#mas21411-bib-0722){ref-type="ref"}).

A method for the quantification of fructo‐oligosaccharides using MALDI TOF MS with DHB as the matrix, has been developed with the fructan, raftilose, a partially hydrolyzed inulin with a degree of polymeration 2--7 as the test compound (Onofrejov , Farkov , & Preisler, [2009](#mas21411-bib-1002){ref-type="ref"}). Nystose (**2/11**), which is chemically identical to the raftilose tetramer, was used as the internal standard. Two mathematical approaches, conventional calculations and artificial neural networks (ANN), were compared for data processing. The conventional method relied on the assumption that a constant oligomer dispersion profile will change after the addition of the internal standard. On the other hand, ANN was found to compensate for a non‐linear MALDI response and variations in the oligomer dispersion profile with raftilose concentration. As a result, the application of ANN led to lower quantification errors and excellent day‐to‐day repeatability compared to the conventional data analysis. This reproducibility was satisfactory for MS quantification of raftilose in the range of 10--750 pg with errors below 7%. The method was applied to measurements of the content of raftilose in dietary cream and it was stressed that no special optimization of the MALDI process was carried out.

MALDI‐TOF MS with DHB, THAP or *p*‐nitroaniline (**3/3**) has been used to determine the concentrations of the unsaturated disaccharide from chondroitin sulfate (**48**) obtained by enzymatic digestion of native chondroitin sulfate with chondroitin ABC lyase. The signal‐to‐noise (*S*/*N*) ratio in the spectrum was used as a quantitative measure: amounts of chondroitin sulfate (measured as the disaccharide) down to at least 500 fmol could be detected and there was a direct correlation between the S/N ratio and the amount of chondroitin sulfate between about 2 and 200 pmol although the curve was sigmoidal. The influence of different parameters such as the matrix, the applied laser intensity and different methods of data analysis were also tested. Advantages and drawbacks of this approach are critically discussed in the paper. Finally, the method was validated by the determination of the chondroitin sulfate content in samples of known concentration as well as in enzymatically digested bovine nasal cartilage and compared with two further established methods of chondroitin sulfate determination (the carbazole and alcian blue methods) (Nimptsch et al., [2009](#mas21411-bib-0958){ref-type="ref"}).

9. FRAGMENTATION {#mas21411-sec-0030}
================

Positive ion fragmentation of carbohydrates is fairly well understood with two types of cleavage, glycosidic cleavage that occurs between the sugar rings and involve hydrogen migration and cross‐ring cleavages that involve the rupture of two of the bonds forming the rings. Glycosidic cleavages revealing sequence information predominate in positive ion spectra whereas negative ion spectra frequently contain very abundant cross‐ring product ions that provide information on linkage. The nomenclature introduced by Domon and Costello ([1988](#mas21411-bib-0275){ref-type="ref"}) is universally used to describe the ions.

The stabilities of glycosyl bond linkages in various carbohydrates have been investigated by computational calculations to find general rules of fragmentation of sodiated oligosaccharides (Suzuki et al., [2009a](#mas21411-bib-1287){ref-type="ref"}). The calculations revealed that α‐glucose, α‐galactose, β‐mannose, α‐fucose, β‐GlcNAc and β‐GalNAc linkages were cleaved more easily than β‐glucose, β‐galactose, and α‐mannose linkages because the transition states of the former were stabilized by the anomeric effect. The 1--6 linkage was more stable than the others whereas the sialyl bond was the most labile of all the linkages investigated. Comparison of activation energies and binding affinities to the sodium cation revealed an increase in activation energy in proportion to the increment in binding affinity. The calculated stabilities of glycosyl bonds were: α‐Man (Manα1 → 3, 4 or 6Man) \> β‐Gal (Galβ1 → 4Gal) \> α‐GalNAc (Gal‐NAcα1 → 4GalNAc) \> β‐Man (Manβ1 → 4GlcNAc) \> α‐Gal (Galα1 → 3, 4 or Gal) \> β‐Man (Manβ1 → 4Man) \> β‐GalNAc (GalNAcβ1 → 4GalNAc) \> α‐Fuc (Fucα1 → 6GlcNAc) \> α‐Fuc (Fucα1 → 4GlcNAc) \> β‐GlcNAc (GlcNAcβ1 → 4GlcNAc) \> α‐Fuc (Fucα1 → 3GlcNAc) \> α‐NeuNAc (NeuNAcα2 → 3 or 6); this result was close to the experimentally deduced trend.

9.1. In‐Source Decay (ISD) {#mas21411-sec-0031}
--------------------------

In‐source decay frequently accompanies ionization of permethylated glycans. Although the presence of fragments can lead to complex spectra, they can also be used to obtain pseudo‐MS^3^ spectra. Smargiasso and De Pauw ([2010](#mas21411-bib-1231){ref-type="ref"}) have investigated matrices and conditions for optimal production of such ions and have concluded that DHB was the most versatile matrix; the presence or absence of ISD fragments could be controlled, depending on the location of the laser shots. Spectra obtained from the center of DHB targets produced mainly \[M+Na\]^+^ ions that did not yield ISD fragments, whereas spectra from the crystals surrounding the target yielded mainly \[M+H\]^+^ ions that fragmented readily. 9‐AA (6/18), on the other hand, formed homogeneous matrix spots and did not induce ISD.

Soltwisch and Dreisewerd ([2010](#mas21411-bib-1236){ref-type="ref"}) have noted that collisional cooling in an orthogonal TOF mass spectrometer stabilizes fragment ions that are generated in‐source and that by varying the buffer gas pressure, production of ISD and post‐source (PSD)‐type ions could be varied. Under high‐pressure conditions, ISD‐type fragments of *O*‐linked glycosylated peptides were generated that retain the glycan. PSD fragments, on the other hand, showed partial loss of the glycan from y‐type peptide fragments.

9.2. PSD {#mas21411-sec-0032}
--------

The detailed positive ion PSD and ISD fragmentation of deprotonated [d]{.smallcaps}‐ribose (**1/1**) and [d]{.smallcaps}‐fructose (**1/16**) has been studied with the aid of the isotopically labeled analogues, \[1‐^13^C\]‐[d]{.smallcaps}‐ribose, \[5‐^13^C\]‐[d]{.smallcaps}‐ribose and \[C‐1‐^2^H\]‐ribose (Bald et al., [2009](#mas21411-bib-0076){ref-type="ref"}). The fragmentation was compared with fragmentation through dissociative electron attachment (DEA). Fragmentations of deprotonated monosaccharides formed in the MALDI process, as well as their transient molecular anions formed upon electron attachment, were characterized by loss of different numbers of H~2~O and CH~2~O units. Two different fragmentation pathways leading to cross‐ring cleavage were identified. Metastable decay of deprotonated [d]{.smallcaps}‐ribose proceeded either *via* an X‐type cleavage yielding fragment anions at *m*/*z* = 119, 100, and 89 (dominant ion, C~3~H~5~O~3~), or *via* an A‐type cleavage resulting in *m*/*z* = 89, 77 and 71. This result is in contrast to previous CID studies where only A‐type cross‐ring cleavage was proposed. It was found that the heavier fragment anions at *m*/*z* = 119 and *m*/*z* = 100 generated *via* metastable decay exclusively arise from an X‐type cleavage whereas the smaller fragment anions at *m*/*z* = 89 and 71 arise predominantly from an A‐type cleavage. A fast and early metastable cross‐ring cleavage of deprotonated [d]{.smallcaps}‐ribose observed in ISD was dominated by X‐type cleavage leading mainly to *m*/*z* = 100 and 71; the latter ion is not the same as that found in PSD. For DEA of [d]{.smallcaps}‐ribose, a sequential dissociation was identified that included metastable decay of the dehydrogenated molecular anion leading to *m*/*z* = 89. The most dominant fragment ions in DEA were due to faster decompositions occurring within several hundred nanoseconds (as in ISD) and, thus, sequential reactions including an initial dehydrogenation could be excluded.

Several oligosaccharides (aldoses) and oligosaccharide alditols derived from agaroses, κ‐ and ι‐carrageenans obtained by hydrolysis of agaroses and carrageenans, two important types of red seaweed polysaccharides, have been used as model compounds to study prompt (ISD) and PSD fragmentation. Sulfated alditols gave \[M−H\]^−^ ions in negative‐ion mode together with prompt fragment ions produced mainly by desulfation. Sulfated aldoses gave mainly prompt fragmentation ions (C‐cleavages and desulfation). Non‐sulfated aldoses and alditols only gave ions (\[M+Na\]^+^) in positive ion mode with no prompt fragmentation. The aldoses yielded cross‐ring fragmentation in the PSD mode. Several different matrices (DHB, *nor*‐harmane (**1/35**), ferulic acid (**1/41**) and the ionic liquid matrices DHB/acid‐*n*‐butylamine and ferulic acid/*n*‐butylamine) were investigated; the best results were obtained with DHB and *nor*‐harmane (Fatema et al., [2010](#mas21411-bib-0310){ref-type="ref"}).

9.3. CID {#mas21411-sec-0033}
--------

CID on TOF/TOF and magnetic sector instruments have been compared with several types of biomolecule (Pittenauer & Allmaier, [2009](#mas21411-bib-1076){ref-type="ref"}). The sector instruments produce high‐energy collisions (8--20 keV) yielding more structural information from many compounds than instruments producing only low energy (1 keV) collisions. The case with different TOF/TOF instruments is less clear‐cut because the collision energy is spread over a wide range. Fewer differences were seen with carbohydrates than with some other compound types because most fragmentations (except formation of X‐type cross‐ring cleavages) occur at low energies. High‐energy fragmentation in positive ion mode generally enhanced the relative abundance of cross‐ring cleavage fragments, particularly X‐type ions and has been used with HPLC (offline) to provide a powerful method for glycoprotein analysis (Tryfona & Stephens, [2010](#mas21411-bib-1362){ref-type="ref"}). Full experimental details are given in the paper.

9.4. Photofragmentation {#mas21411-sec-0034}
-----------------------

Experimental details for obtaining infrared multiphoton dissociation (IRMPD) spectra from carbohydrates have been described (Li et al., [2009a](#mas21411-bib-0741){ref-type="ref"}). The technique offers the advantage that, because both parent and product ions can absorb IR photons, the spectra can be richer in information than those obtained by CID. In the same publication, the authors discuss sustained off‐resonance irradiation‐collision‐induced dissociation (SORI‐CID) implemented with a MALDI‐FT‐ICR mass spectrometer which produced similar spectra to IRMPD. Experimental details are described. SORI‐CID with MALDI‐FT‐ICR has also been applied to MUC‐type *O*‐glycans (Li et al., [2009b](#mas21411-bib-0742){ref-type="ref"}).

The 157 nm photodissociation of *N*‐linked glycopeptides has been investigated in a modified MALDI TOF/FOF instrument by irradiating the ions within the collision cell. Singly charged glycopeptide ions from horseradish peroxidase (HRP) yielded abundant peptide and glycan fragments. The peptide fragments included a series of x‐, y‐, v‐, and w‐ions with the glycan remaining intact. These ions provide information about the peptide sequence and the glycosylation site. The glycan fragmented to give both glycosidic fragments and abundant cross‐ring fragments that were not observed in low‐energy CID spectra. Doubly charged glycopeptides generated by nanospray in a linear IT mass spectrometer also yielded peptide and glycan fragments. However, the former were dominated by low‐energy fragments such as b‐ and y‐type ions while the glycan was primarily cleaved at glycosidic bonds (Zhang & Reilly, [2009](#mas21411-bib-1545){ref-type="ref"}).

9.5. Multiple Successive Fragmentation (MS^*n*^) {#mas21411-sec-0035}
------------------------------------------------

MALDI‐LIFT‐TOF‐MS/MS and ESI tandem mass spectrometry (ESI‐IT‐MS/MS^*n*^) have been used for the characterization of free oligosialic acids and those derivatized with DMB, as well as partially *O*‐acetylated derivatives. Electrospray required the acids to be lactonized but the larger lactones could only be detected by MALDI‐TOF. The fragmentation spectra were dominated by simultaneous cleavage of glycosidic linkages and the corresponding lactone ring, whereas classical cross‐ring fragments were of minor abundance. However, the combined use of the two different types of fragmentation analysis allowed a sensitive and detailed characterization of both short‐ and long‐chained species. Furthermore, oxidation of the nonreducing end sugar moiety enabled sequence determination and localization of acetylated and nonacetylated sialic acid residues (Galuska et al., [2010a](#mas21411-bib-0344){ref-type="ref"}).

The effect of the pressure of cooling gas in the ion source of an orthogonal‐TOF MS has a strong influence on the extent of analyte ion fragmentation. Soltwisch et al. ([2009](#mas21411-bib-1237){ref-type="ref"}) have investigated the effect of this parameter on peptide and oligosaccharide fragmentation using substance P and the milk sugar, LNFP‐II (**52**), respectively in both UV‐ and/or IR‐MALDI. A range of pressures, from 0.05 to 1.8 mbar was used in combination with seven different buffer gases (He, Ne, Ar, N~2~, CO~2~, CH~4~, and isobutane). The influence of the ion extraction voltage on the analyte fragmentation was also investigated for a selected set of gas parameters. Fragment ions exhibited characteristic fragment yield‐pressure dependencies that were classified into three groups. For LNFP‐II, the yield of molecular ions rose with pressure until at the higher pressures, it was similar to that from substance P. The authors speculated that the consistently lower ion yields reported from oligosaccharides could be attributed to the generally low pressures used when recording their spectra. With respect to fragmentation, glycosidic fragment ions (termed Type I) ions dominated the spectra at low pressure but their relative abundance fell dramatically as the pressure rose. The ions resembled species that are also found in MALDI‐PSD MS. The abundance of type II ions, which resembled typical ISD fragments, and consisted mainly of cross‐ring products, rose with pressure, probably because of a reduction in the secondary fragmentation process that resulted in loss of fucose. A few other ions, termed type III ions did not show such dramatic changes with pressure. Comparing the yields of fragmentation for the different buffer gases revealed a correlation between their internal degrees of freedom and their collisional cooling efficiency. Changing the buffer gas pressure and/or extraction field provided an easy means to influence analyte ion fragmentation and to switch from the primary production of one type of fragment species to another.
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9.6. Internal Residue Losses {#mas21411-sec-0036}
----------------------------

Hexose rearrangements of protonated molecules of *N*‐glycopeptides and reductively aminated *N*‐glycans have been observed by MALDI‐TOF/TOF‐MS/MS and ESI‐IT‐MS/MS (Wuhrer, Koeleman, & Deelder, [2009b](#mas21411-bib-1466){ref-type="ref"}). Fragmentation of proton adducts of 2‐AB and 2‐AA‐labeled high‐mannose *N*‐glycans from RNaseB resulted in transfer of one to five Hex residues to the fluorescently labeled innermost GlcNAc residue. Glycopeptides from various biological sources containing high‐mannose glycans were likewise shown to undergo Hex rearrangement reactions, resulting in migration of one or two Hex moieties to the chitobiose core. Tryptic Fc‐glycopeptides from IgG peptides containing biantennary *N*‐glycans were also shown to undergo Hex rearrangements. Such rearrangement products can cause major problems with the interpretation of unknown glycans but, fortunately, do not appear to occur from \[M+Na\]^+^ ions, the major ions in MALDI spectra of most neutral carbohydrates.

10. COMPUTER ANALYSIS OF SPECTRA {#mas21411-sec-0037}
================================

The use of computer software for analyzing carbohydrate spectra is not as advanced as that for proteins; nevertheless, many investigators have developed software for spectral interpretation, composition calculations, and have constructed databases, usually for specific glycan types. Much of this software is applicable to spectra generated from the majority of common ion sources. A good source of information is the book *Bioinformatics for Glycobiology and Glycomics: An introduction* by the late Claus‐Wilhelm von der Lieth, Luetteke, and Frank ([2009](#mas21411-bib-1415){ref-type="ref"}). In addition, various tools for glycomics and available databases are covered in a comprehensive review by Frank and Schloissnig ([2010](#mas21411-bib-0328){ref-type="ref"}).

10.1. Algorithms for Analyzing Spectra {#mas21411-sec-0038}
--------------------------------------

The simplest of these algorithms calculates compositions from *m*/*z* values. Although such software is extremely valuable, a composition is not a structure and such programs should not be used as the basis of labeling spectra unless the proposed structures are confirmed by suitable techniques. One such tool reported in the review period is called lipID and calculates molecular compositions for glycerophospholipids, GSLs, fatty acids and small oligosaccharides from *m*/*z* values entered as single values or as mass lists. The user‐extendable software is a Microsoft Excel Add‐In developed using Visual Basic for Applications and is compatible with all Versions of MS Excel since MS Excel 97 (Hübner, Crone, & Lindner, [2009](#mas21411-bib-0493){ref-type="ref"}).

Kronewitter et al. ([2009](#mas21411-bib-0681){ref-type="ref"}) have constructed a library of possible *N*‐glycan masses by successive dismantling of tetra‐antennary hybrid and high‐mannose glycans. These calculations gave the possible masses that would be expected in a glycan mixture. Three hundred thirty one distinct neutral compositions were obtained but many of these will represent several isomeric glycans. The smallest mass difference that was observed was 0.37 Da. However, many of the masses coincided with isotope peaks from ions of different compositions meaning that, without deisotoping, a resolution of at least 12,500 would be needed to resolve all peaks. The theoretical masses were matched against measured masses from *N*‐glycans released from human serum glycoproteins and 78 discrete compositions were detected.

In a similar way, an *in silico* glycan database of possible *N*‐glycan compositions has been constructed by addition of known monosaccharide residues, such as those in a Neu5Ac‐Gal‐GlcNAc antenna, to the common trimannosyl chitobiose core. The derived masses were then matched to the experimental mass and the software, named Glyquest, predicted compositions and possible structures. Next, it calculated possible glycosidic fragments from the proposed structures, matched these to the experimental mass spectrum and constructed a spectrum labeled with the proposed structures (Gao, [2009](#mas21411-bib-0349){ref-type="ref"}). The software could also be applied to glycans containing fluorescent labels such as 2‐AB but was not applicable to glycopeptides with unknown modifications. However, as with much of the software developed for this work, the detailed structural details such as the linkage of each monosaccharide are not available and the software must be regarded as a guide to the total structure. A similar "branch‐and‐bound" algorithm developed by Peltoniemi, Joenväärä, and Renkonen ([2009](#mas21411-bib-1049){ref-type="ref"}) starts with the trimannosyl‐chitobiose core and then constructs *N*‐type glycans in an iterative process until the target carbohydrate composition is reached. The algorithm identified several glycans from TF and human serum samples.

GlycoSpectrumScan is a web‐based tool that identifies the glycoheterogeneity on a peptide from mass spectrometric data. Two experimental data sets are required as inputs: (1) oligosaccharide compositions of the *N*‐ and/or *O*‐linked glycans present in the sample and (2) *in silico* derived peptide masses of proteolytically digested proteins with a potential number of *N*‐ and/or *O*‐glycosylation sites. GlycoSpectrumScan uses MS rather than MS/MS data, to identify glycopeptides and determine the relative distribution of *N*‐ and *O*‐glycoforms at each site. It can be used to assign monosaccharide compositions on glycopeptides with either single or multiple glycosylation sites. The algorithm allows the input of raw mass data, including multiply charged ions, making it applicable for both ESI and MALDI data from all mass spectrometer platforms. Low resolution data from, for example, ITs are heavily smoothed to yield the average mass whereas data from high resolution instruments receive a milder smooth and deisotoping to give the monoisotopic mass. The software was used to characterize the *N*‐ and *O*‐linked glycopeptides from human secretory IgA (sIgA), consisting of secretory component (7 *N*‐linked sites), IgA1 (2 *N*‐linked, ≤5 *O*‐linked sites), IgA2 (4 *N*‐linked sites) and the J‐chain (1 *N*‐linked site). GlycoSpectrumScan is freely available at <http://www.glycospectrumscan.org/> (Deshpande et al., [2010](#mas21411-bib-0261){ref-type="ref"}).

Prediction of glycosylation sites is another area of software development. A program that predicts *N*‐ and *O*‐glycosylation sites based on local information, general protein information, sub‐cellular localization and binding specificity of glycosyltransferases has been developed and was claimed to be about 90% accurate (Sasaki, Nagamine, & Sakakibara, [2009a](#mas21411-bib-1159){ref-type="ref"}). However, as with all predictive programs that are not 100% accurate, results should only be taken as a guide for designing appropriate location experiments.

Software that attempts to predict structures from spectra is possibly the most active area in computer applications. SimGlycan® is one such tool (Apte & Meitei, [2010](#mas21411-bib-0054){ref-type="ref"}). The software accepts raw or standard experimental MS data files, matches them with its own database of theoretical fragments and generates a list of probable candidate structures. Each structure is scored to reflect how closely it matches the experimental data. The software also predicts novel glycan structures by drawing a glycan and mapping it onto the experimental spectrum. Other biological information is also available for easy reference. The program can be downloaded from <http://www.premierbiosoft.com/glycan/index.html>.

Another software platform for carbohydrate assignment is SysBioWare, developed by Vakhrushev, Dadimov, and Peter‐Katalinić ([2009](#mas21411-bib-1385){ref-type="ref"}) and designed to work directly from raw MS data. The data are first imported into the spectrum browser, baseline corrected and denoized. Peak detection is based on shape matching and the software detects monoisotopic *m*/*z* values and charge states. A biological filter is used during compositional analysis of the monoisotopic ions. The software was successfully tested with human urine.

SysBioWare, a software platform developed for MS data evaluation in glycomics, has been applied to the interpretation of spectra from human serum GSLs. The masses of predicted ions arising from cleavages in the glycan and the ceramide moieties were calculated, thus enabling structural characterization of both entities. The calculated masses were then used to match with those in the spectra for structural identification (Souady et al., [2010](#mas21411-bib-1251){ref-type="ref"}).

Böcker, Kehr, and Rasche Böcker ([2009](#mas21411-bib-0118){ref-type="ref"}) have presented an algorithm for calculating glycan structures from tandem mass spectra. Twenty‐four spectra (of \[M+H\]^+^ ions) of 2‐AP‐labeled *N*‐glycans obtained from batroxobin (from *Bothrops moojeni* venom) were used as test compounds, The spectra were measured with a TOF/TOF instrument with a MALDI ion source and the algorithm rapidly predicted possible topologies. Biological restraints needed to be used to limit the predictions to reasonable structures.

Goldberg et al. ([2009](#mas21411-bib-0372){ref-type="ref"}) have compared three algorithms, "Max Subgraph," "Parsimony," and "RandomWalk" that make inferences about glycan synthesis from biological knowledge for their ability to assign structures from 71 single‐MS spectra from a variety of tissues and organisms, containing more than 2,800 manually annotated peaks. Max Subgraph behaved better than the other two but only uniquely assigned the correct structure to about half of the peaks in 41 out of the 71 spectra.

A computer model that predicts *N*‐linked glycan profiles based on cellular enzyme activities has been developed (Krambeck et al., [2009](#mas21411-bib-0676){ref-type="ref"}). The paper describes the expansion of a previously developed detailed model for *N*‐linked glycosylation (Krambeck & Betenbaugh, [2005](#mas21411-bib-0675){ref-type="ref"}) with the further application to analyze MALDI‐TOF mass spectra of human *N*‐glycans. The glycosylation reaction network is automatically generated by the model, based on the reaction specificities of the glycosylation enzymes and allows prediction of the complete glycan profile and its abundances for any set of assumed enzyme concentrations and reaction rate parameters. A predicted mass spectrum of model‐calculated glycan profiles is obtained and enzyme concentrations are adjusted to bring the theoretically calculated mass spectrum into agreement with that obtained experimentally. The result is a complete characterization of a measured glycan mass spectrum containing hundreds of masses in terms of the activities of 19 enzymes. In addition, a complete annotation of the mass spectrum in terms of glycan structure is produced, including the proportions of isomers within each peak. The method was applied to mass spectrometric data obtained from normal human monocytes and monocytic leukemia (THP1) cells.

A kinetic model originally developed for the prediction of peptide CID spectra has been extended to predict the CID spectra of *N*‐glycopeptides. The model was trained with 1831 CID spectra obtained with an ion trap and was able to predict CID spectra with excellent accuracy in ion intensities for *N*‐glycopeptides up to 8,000 Da in mass. The program is said to be capable of predicting up to 524 common glycoforms including high‐mannose, hybrid and complex *N*‐glycans with two to four antennae (Zhang & Shah, [2010](#mas21411-bib-1557){ref-type="ref"}).

Spencer et al. ([2010](#mas21411-bib-1256){ref-type="ref"}) have devised a computational approach to predict the fine structure and patterns of domain organization of heparan sulfate (HS). Analysis uses chemical composition data obtained after complete and partial enzymatic digestion of mixtures of HS chains and produces populations of theoretical HS chains with structures that meet both biosynthesis and enzyme degradation rules. The program was used to analyze HS from various cell types and good agreement was found between experimental data and computer predictions.

GlycoViewer (<http://www.systemsbiology.org.au/glycoviewer>) is a web‐based tool that can visualize, summarize, and compare sets of glycan structures. It takes as its input a list of glycan structures in International Union of Pure and Applied Chemistry (IUPAC) format or glycan structures constructed with a sugar structure builder. The output is a graphic, which summarizes all salient features of the glycans according to features such as the nature and length of any chains and the types of terminal epitopes. The tool can summarize several hundred glycan structures in a single figure. The report contains an example of use of the tool for analysis of normal and disease associated glycans from the human glycoproteome (Joshi et al., [2010](#mas21411-bib-0562){ref-type="ref"}).

10.2. Databases {#mas21411-sec-0039}
---------------

Several glycan databases are available. The kyoto encyclopedia of genes and genomes (KEGG) GLYCAN databases contain useful information on glycan structures and metabolic pathways (Hashimoto & Kanehisa, [2009](#mas21411-bib-0446){ref-type="ref"}) and data mining the Protein Data Bank for glycol‐related data using the GLYCOSCIENCES.de internet portal has been discussed in *Methods in Molecular Biology* (Lütteke & von der Lieth, [2009](#mas21411-bib-0809){ref-type="ref"}). Ito et al. ([2010a](#mas21411-bib-0526){ref-type="ref"}) have synthesized *N*‐ and *O*‐linked glycan libraries (named Glycan Mass Spectral Database, GMDB) and constructed a library of their positive ion MS^2^, MS^3^ and MS^4^ fragmentation spectra. *N*‐Glycans were in the form of their 2‐AP derivatives whereas *O*‐glycans that were released by β‐elimination were not. The library was said to be accessible on‐line at <http://riodbdev.ibase.aist.go.jp/rcmg/glycodb/Ms> (However, attempts by the reviewer to connect to the site have failed.) It can be searched either by MW of glycan composition in terms of isobaric monosaccharides and instructions on how to use the software are given in the paper.

Although such databases and tools for glycomics are readily available on the web, these have, until now, been isolated. This unfavorable situation has been discussed (von der Lieth, [2007](#mas21411-bib-1414){ref-type="ref"}) and has been largely overcome by Ranzinger et al. ([2009](#mas21411-bib-1107){ref-type="ref"}) who have developed GlycomeDB, a meta‐database for public carbohydrate sequences. At the time of publication (2009) it contained 35,056 unique structures in GlycoCT (<http://www.glycome-db.org/>) encoding, referencing more than 100,000 external records from 1,845 different taxonomic sources. A user‐friendly, web‐based graphical interface has been developed which allows taxonomic and structural data to be entered and searched. The structural search possibilities include substructure search, similarity search, and maximum common substructure. A novel search refinement mechanism allows the assembly of complex queries. With GlycomeDB, it is now possible to use a single portal to access all digitally encoded, public structural data in glycomics and to perform complex queries with the help of a web‐based user interface. A list of databases is given in Aoki‐Kinoshita ([2010](#mas21411-bib-0049){ref-type="ref"}).

10.3. Tools for Displaying Structures {#mas21411-sec-0040}
-------------------------------------

*N*‐ and *O*‐glycan structures are usually depicted with small cartoons in which each constituent monosaccharide is shown by a symbol. Unfortunately, there is no consensus on which symbol to use for any particular monosaccharide with most investigators preferring to develop their own system. Several years ago, the Consortium for Functional Glycomics (CFG) attempted to redress the problem with the introduction of a system that has since been adopted by several laboratories. Unfortunately, this system has several major drawbacks: (a) it does not diagrammatically show linkage or anomericity and (b) it uses color to differentiate hexoses, thus causing problems when structures are printed in black and white and making the system difficult to use with pen or pencil on paper. A new system that overcomes these problems has recently been introduced (Harvey et al., [2009c](#mas21411-bib-0440){ref-type="ref"}). Monosaccharides are shown as shapes with various additions to indicate functional groups (e.g. an inclusive dot to indicate a deoxy‐sugar and a filled shape to code for an *N*‐acetyl sugar). Linkage is shown by the angle of the lines linking the sugar symbols and anomericity is shown by the type of line (full for a β‐bond and broken for an α‐link). Examples can be seen below. Although color is not used to define monosaccharides, the CFG colors can be used with the Oxford symbols. Unfortunately, color was omitted from the table of symbols in the original article but was published later as an erratum (Harvey et al., 2009b). The article received comments from the authors of the CFG system (Varki et al., [2009](#mas21411-bib-1401){ref-type="ref"}) and discussion is continuing. This scheme and others are compared in a review by Frank and Schloissnig ([2010](#mas21411-bib-0328){ref-type="ref"}).

Two tools for displaying *N*‐glycans found in the mammalian CHO cell line have been developed (McDonald et al., [2010](#mas21411-bib-0855){ref-type="ref"}). Both take as input the 9‐digit identifier devised by Krambeck and Betenbaugh ([2005](#mas21411-bib-0675){ref-type="ref"}) that uniquely defines each structure assuming the existence of the trimannosyl‐chitobiose core. The first of these tools, GlycoForm, is designed to display a single structure from an identifier entered by the user. The display is updated in real time, using symbols for the sugar residues, or in text‐only form. The two symbol sets discussed above are used, the symbols and layout devised by the CFG <http://www.functionalglycomics.org/static/consortium/Nomenclature.shtml> or the alternative "Oxford" system used by Glycobase, a relation database of 2‐AB labeled *N*‐glycans (Campbell et al., [2008](#mas21411-bib-0157){ref-type="ref"}). However, although GlycoForm can display structures using the Oxford system, unfortunately, it does not display the correct linkage information that is inherent to the full Oxford system. In addition, GlycoForm can display the name of the glycan as used by Glycobase. GlycoBase formalism does not yet handle *N*‐acetyllactosamine (NAcLac, **53**) repeating units and is, therefore, currently limited to structures with one Gal residue per branch. Structures can be added to a library, which is recorded in a preference file and loaded automatically. Individual structures can be saved as image files either Portable Network Graphics (PNG), JPEG or Windows Bitmap (BMP) formats. The second program, Glycologue, reads a file containing columnar data of nine‐digit codes, which can be displayed on‐screen and printed at high resolution. Both programs, for Windows, Mac OS X and Linux x86 GTK can be downloaded from <http://www.boxer.tcd.ie/gf>.
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11. STUDIES ON SPECIFIC CARBOHYDRATE TYPES {#mas21411-sec-0041}
==========================================

11.1. Mono‐ and Oligosaccharides {#mas21411-sec-0042}
--------------------------------

A major problem with the analysis of monosaccharides or small oligosaccharides by MALDI is the presence of very abundant ions from matrices such as DHB in the low mass region of the spectra. Various methods for overcoming this disadvantage are discussed above. Nevertheless, MALDI with conventional matrices has produced results and the technique works well for the larger oligosaccharides. Thus, oligosaccharides from dextran, alginate, hyaluronan and chondroitin sulfate have been characterized by MALDI‐TOF MS directly from a TLC plate after soaking it in the DHB matrix. The plate had a metal backing to ensure electrical contact. The TLC solvent system was *n*‐butanol/formic acid/water (3:4:1, v/v/v). It was found that the high content of formic acid caused few problems but was responsible for partial formylation of glycosaminoglycans (GAGs) and minor *N*‐acetyl loss from hyaluronan and chondroitin sulfate (Nimptsch et al., [2010](#mas21411-bib-0959){ref-type="ref"}).

A comparative study of MALDI and a new technique, electrospray droplet impact secondary ion mass spectrometry (EDI/SIMS) has been applied directly to fruits such as bananas, apples, grapes and strawberries. The major constituents, fructose (**1/16**), glucose (**1/4**), sucrose (**6**) and organic acids gave abundant \[M + K\]^+^ ions positive mode and CF~3~COO^−^ adducts in negative mode (the CF~3~COO^−^ ions came from CF~3~COOH in the ESI spray. These negative ion spectra were almost free of background ions. MALDI from DHB, on the other hand, although producing positive ions gave virtually no ionization in negative ion mode (Asakawa and Hiraoka, [2010](#mas21411-bib-0063){ref-type="ref"}).

11.2. Polysaccharides {#mas21411-sec-0043}
---------------------

Reviews of the analysis of polysaccharides are listed in Table [5](#mas21411-tbl-0005){ref-type="table"}. Large polysaccharides need to be hydrolyzed, often enzymatically but sometimes chemically, to smaller fragments before they are amenable to MALDI analysis. One chemical method involves the selective cleavage of the Rha*p*‐(1 → 4)‐α‐GalA*p* linkage in rhamnogalacturonans. Enzymic cleavage of this linkage is often ineffective, especially in highly branched rhamnogalacturonans but Deng et al. ([2009](#mas21411-bib-0258){ref-type="ref"}) have developed an improved chemical fragmentation method based on β‐elimination of esterified 4‐linked galacturonic acid (Gal*p*A, **54**) residues that overcomes the problem. At least 85% of the carboxyl groups of the Gal*p*A residues in *A. thaliana* seed mucilage were converted to methyl or hydroxypropyl esters and β‐elimination was found to be more extensive with hydroxypropyl‐esterified than with methyl‐esterified rhamnogalacturonans. The non‐reducing 4‐deoxy‐β‐l‐*threo*‐hex‐4‐enepyranosyluronic acid (**55**) residue formed by the β‐elimination reaction was removed by treatment with aqueous *N*‐bromosuccinimide. This method was used to fragment the branched rhamnogalacturonan from peppergrass seed mucilage with product characterization by MALDI‐TOF MS, glycosyl residue composition analysis, and 1 and 2D NMR spectroscopy. The results showed that the most abundant low‐MW fragments contained a backbone rhamnose (**1/10**) residue substituted at O‐4 with a single side‐chain, and suggest that peppergrass seed mucilage rhamnogalacturonans is composed mainly of the repeating unit 4‐*O*‐methyl‐α‐[d]{.smallcaps}‐Glc*p*A‐(1 → 4)‐β‐[d]{.smallcaps}‐Gal*p*‐(1 → 4)‐\[ → 4)‐α‐[d]{.smallcaps}‐Gal*p*A‐(1 → 2)‐\]‐α‐[l]{.smallcaps}‐Rha*p*‐(1→.
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Another chemical method for analysis of rhamnogalacturonan II makes use of mild acid hydrolysis to hydrolyze the acid‐labile monosaccharides 3‐deoxy‐[d]{.smallcaps}‐*manno*‐oct‐2‐ulosonic acid (Kdo, **1/13**), 3‐Deoxy‐*[d]{.smallcaps}*‐*lyxo*‐2‐heptulosonic acid (Dha) and apiose (Api, **56**) at the branchpoint between the sidechains and the oligogalacturonide backbone to release short polysaccharide chains that were analyzed by ESI and MALDI‐TOF MS (Séveno et al., [2009](#mas21411-bib-1201){ref-type="ref"}). The method was optimized using citrus pectin and then applied to other plant species.
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Experimental details for examination of extracellular polysaccharides (EPSs) from plants following digestion with a variety of endoglycosiodases and MALDI‐TOF analysis from DHB has been reported by Günl, Gille, and Pauly ([2010](#mas21411-bib-0407){ref-type="ref"}). Other examples are listed in Tables [6](#mas21411-tbl-0006){ref-type="table"} (plants) and [7](#mas21411-tbl-0007){ref-type="table"} (bacteria).
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 ^1^Format (not all items present): MALDI method (matrix), compounds run (derivative), other methods.
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11.3. Cyclodextrins and Related Compounds {#mas21411-sec-0044}
-----------------------------------------

Ionization efficiencies of cyclodextrins and corresponding linear compounds (maltohexaose and maltoheptaose) have been compared together with differences in the ionization efficiencies of α‐ and β‐cyclodextrins (**4/6**) (Choi et al., [2009](#mas21411-bib-0207){ref-type="ref"}). Alkali metal salts of Li^+^, Na^+^, K^+^, and Cs^+^ were used as the cationizing agents to enhance the ionization efficiency. Relative ion intensities of the cyclodextrins were much larger than those of the linear carbohydrates and the difference showed an increasing trend with the size of the alkali metal cation. β‐Cyclodextrin had higher ionization efficiency than α‐cyclodextrin (**4/24**) and the difference increased with increasing size of the alkali metal cation. The ionization efficiency was also found to be affected by the counter anions. The higher ionization efficiencies of cyclodextrins were explained with the number of coordination sites and the binding energies.

11.4. Milk Sugars {#mas21411-sec-0045}
-----------------

Analysis of milk oligosaccharides appears to be receiving increasing attention. Reviews of mass spectrometric methods for their analysis have been published by Niñonuevo and Lebrilla ([2009](#mas21411-bib-0961){ref-type="ref"}), Kolarich and Packer ([2010](#mas21411-bib-0653){ref-type="ref"}) and Urashima et al. ([2009](#mas21411-bib-1380){ref-type="ref"}). Wu et al. ([2010b](#mas21411-bib-1467){ref-type="ref"}) have developed an annotated library of neutral human milk oligosaccharides with characterization by HPLC, MALDI‐FT‐ICR MS and exoglycosidase digestion.

Pyrene labeling (Amano et al., [2009a](#mas21411-bib-0030){ref-type="ref"}) has been used by Amano et al. ([2009b](#mas21411-bib-0031){ref-type="ref"}) to enable neutral carbohydrates from human milk to be observed by negative ion MALDI‐TOF MS^*n*^. The neutral oligosaccharides from the milk of a woman (blood type A, Le^b+^) were obtained by anion‐exchange column chromatography after the removal of lipids and proteins. Further fractionation was performed by means of *Aleuria aurantia* lectin‐Sepharose column chromatography and reversed‐phase HPLC after labeling. Twenty‐two oligosaccharides with decaose cores were identified and, of these 21 had novel structures.

LoCascio et al. ([2009](#mas21411-bib-0795){ref-type="ref"}) have published a method for measuring the consumption of human milk oligosaccharides by 12 strains of *Bifidobacteria*. Oligosaccharides were quantified with deuterated and reduced oligosaccharide standards that were added after bacterial growth and results were processed with in‐house software called Glycolyzer after removal of contributions from ^13^C isotopes. High growth was found for *Bifidobacterium longum* biovar *infantis* strains, which consumed nearly all available substrates, while other bifidobacterial strains showed low or only moderate growth ability.

Other examples of the use of MALDI analysis of milk glycans are listed in Table [8](#mas21411-tbl-0008){ref-type="table"}.

###### 

Use of MALDI‐MS for the Characterization of Carbohydrates From Milk and Milk Products
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 ^1^Format (not all items present): MALDI method (matrix), other methods, compounds analysed.
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11.5. Glycoproteins {#mas21411-sec-0046}
-------------------

Glycoproteins and their attached *N*‐ and *O*‐glycans is possibly the largest group of compounds that have been analyzed by MALDI, catalyzed largely by developments in the biotechnology industry. Analysis of these compounds has been reviewed by many authors (Table [9](#mas21411-tbl-0009){ref-type="table"}). *N*‐glycans are normally attached to an asparagine residue in a Asn‐(Xxx)Ser‐(Thr) consensus sequence where Xxx is any amino acid (Xxx) except proline However, Asn‐linked *N*‐glycans have recently been found at the 0.5--2.0% level on a non‐consensus amino acid sequence (TVSWN^162^SGAL) in the C~H~1 domain of human antibodies and on IgG1 (Valliere‐Douglass et al., [2009b](#mas21411-bib-1389){ref-type="ref"}).
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Reviews and General Articles on the Analysis of Glycoproteins
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### 11.5.1. Isolation and Concentration of Glycoproteins and Glycopeptides {#mas21411-sec-0047}

Many investigators have published methods for glycoprotein enrichment. Solid‐phase glycan/glycoprotein capturing methods have become popular in recent years and some of these have been highlighted in an article by Zhang, Lu, and Yang ([2010g](#mas21411-bib-1549){ref-type="ref"}). Enrichment strategies for glycopeptides based on lectin‐affinity chromatography and polysaccharide hydrophilic affinity physicochemical chromatography have been discussed by Ito, Hayama, and Hirabayashi ([2009b](#mas21411-bib-0528){ref-type="ref"}). The combined use of these techniques effectively removes non‐glycosylated peptides.

#### 11.5.1.1. Use of boronic acids {#mas21411-sec-0048}

The ability of boronic acids to form cyclic derivatives with the *cis*‐dihydroxy groups present in most glycans has been extensively used. Thus, 3‐aminophenylboronic (APB) acid (**5/42**)‐functionalized beads, mesoporous silica, and nanodiamonds have been developed to enrich glycosylated peptides and proteins but the direct immobilization of the APB group was found to be insufficient to suppress nonspecific adsorption/adhesion. Consequently Jang et al. ([2009b](#mas21411-bib-0539){ref-type="ref"}) have designed a self‐assembled monolayer (SAM)‐based plate, which contained a spacer group such as oligo(ethylene glycol) to reduce the nonspecific adsorption/adhesion, for direct detection of glycoproteins after affinity‐capture (or enrichment) on the plate. The utility of the plate was demonstrated with model glycoproteins such as ribonuclease G and TF.

A two‐stage glycopeptide enrichment technique using boronate‐functionalized beads has been developed by Chen et al. ([2010f](#mas21411-bib-0191){ref-type="ref"}). Samples were incubated with the functionalized magnetic beads in slightly alkaline conditions at room temperature for about 1 hr with gentle shaking. The beads were washed and the enriched glycoproteins/peptides were eluted under acid conditions and dried in a Speed‐Vac evaporator. The glycoproteins were then either dissolved in 50 mM ammonium bicarbonate and digested by Lys‐C overnight or separated by sodium dodecyl sulfate (SDS)--polyacrylamide gel electrophoresis (PAGE) and the resulting gel‐bands were digested in‐gel by Lys‐C overnight. The compounds were then ready for a second enrichment. Alternatively, digestions could be carried out with trypsin. Analysis was by MALDI‐TOF.

Boronic acid functionalized nanoparticles have also been used to concentrate antibodies by capturing the carbohydrates attached to the Fc region of IgG (Lin et al., [2009b](#mas21411-bib-0763){ref-type="ref"}). Chalagalla and Sun ([2010](#mas21411-bib-0174){ref-type="ref"}) have prepared a boronic acid‐containing polymer capped with biotin (**57**) for linkage to a magnetic bead and used the product for glycan capture and Lin et al. ([2010f](#mas21411-bib-0765){ref-type="ref"}) have constructed magnetic nanoparticles with immobilized APB acid for glycoprotein capture. "SnO~2~\@Poly(HEMA‐co‐St‐co‐VPBA)" Core‐shell nanoparticles containing boronic acid groups have been prepared by of copolymerization between 2‐hydroxyethyl methacrylate grafted (**58**) on SnO~2~ nanoparticles, styrene, and 4‐vinylphenylboronic acid (VPBA, **59**). They have been used to extract tryptic peptides from HRP, bovine asiloTF and human serum glycoproteins. Analysis was by MALDI‐MS/MS using an AXIMA QIT instrument (Sheng, Xia, & Yan, [2010](#mas21411-bib-1204){ref-type="ref"}).
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A novel boronic acid functionalized mesoporous silica, which holds the attractive features of high surface area and large porosity has also been used to concentrate glycopeptides. In comparison to direct (traditional) analysis, this method was stated to enabled two orders of magnitude improvement in the detection limit of glycopeptides irrespective of the nature of the attached glycans (Xu et al., [2009](#mas21411-bib-1485){ref-type="ref"}). The same group (Zhang et al., [2009d](#mas21411-bib-1550){ref-type="ref"}) has also synthesized boronic acid functionalized core‐satellite composite nanoparticles that possess both the superparamagnetic properties of magnetic nanoparticles and the surface chemistry of AuNPs. Glycoproteins or glycopeptides could be obtained in high yield by use of a magnet. The composite nanoparticles were used to enrich glycosylated proteins from human colorectal cancer tissues for identification of *N*‐glycosylation sites. In all, 194 unique glycosylation sites mapped to 155 different glycoproteins were identified, of which 165 sites (85.1%) were new.

Boronic acid functionalized gold‐coated Si wafers have been used as MALDI plates to isolate and enrich glycopeptides (Xu et al., [2010b](#mas21411-bib-1484){ref-type="ref"}). This method was claimed to be beneficial for several reasons. Thus, solution transfer and eluting steps required in conventional enrichment strategies were not needed, thereby reducing sample loss. Secondly, the lower limits of detection of glycopeptides were said to have been increased by two orders of magnitude. Thirdly, non‐specific bindings were not detected even when non‐glycopeptides were 100 times more concentrated than glycopeptides. Furthermore, glycopeptides could be detected in the presence of 200 mM ammonium bicarbonate or the physiological buffer, PBS.

In a related method (Tang et al., [2009a](#mas21411-bib-1322){ref-type="ref"}; Yao et al., [2009](#mas21411-bib-1507){ref-type="ref"}), AuNPs were first spotted and sintered onto a stainless steel plate, then modified with 4‐mercaptophenylboronic acid (**60**) to provide a porous substrate with a large surface for capturing glycopeptides from peptide mixtures. The captured peptides were then analyzed by MALDI‐TOF MS simply by deposition of a DHB matrix. The technique enabled sample enrichment, washing and detection steps to be fulfilled on a single MALDI target plate. Well‐characterized glycoproteins, such as HRP and asialofetuin, were employed as standards to investigate the enrichment efficiency. Fe~3~O~4~\@C\@Au magnetic microspheres functionalized with 4‐mercaptophenylboronic acid have been synthesized by the same group (Qi et al., [2010](#mas21411-bib-1097){ref-type="ref"}) and successfully used for enrichment of glycoproteins and glycopeptides.
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A polyfunctional device has been constructed from *Macroporous silica* foam (MOSF) containing boronic acid (BMOSF) or amino groups (NH~2~‐MOSF) and used to immobilize enzymes such as trypsin and selectively enrich glycopeptides. Use of the device considerably speeded up hydrolysis times as demonstrated with glycopeptides from HRP (Qian et al., [2010](#mas21411-bib-1098){ref-type="ref"}).

Tang et al. ([2010a](#mas21411-bib-1323){ref-type="ref"}) have immobilized the lectin Con A on APB acid‐functionalized magnetic nanoparticles using methyl α‐[d]{.smallcaps}‐mannopyranoside as a linker. The selective capturing ability of the Con A‐modified nanoparticles was tested using standard glycoproteins and cell lysate of human hepatocelluar carcinoma cell line 7,703. Regeneration of the protein‐immobilized nanoparticles could easily be performed by utilizing the reversible binding between the boronic acid and the sugar. ConA has also been used in conjunction with hollow fiber flow field‐flow fractionation (HF5) to preconcentrate high mannose type *N*‐linked glycoproteins from bacterial lysates as exemplified by glycoproteins from *Streptococcus pyogenes* (Kang et al., [2010](#mas21411-bib-0581){ref-type="ref"}). The specificity of *Datura stramonium* agglutinin (DSA) for tri‐ and tetra‐antennary glycans has been utilized to enrich human liver glycoproteins containing these larger glycans which were then separated and identified by SDS--PAGE followed by MALDI‐TOF analysis (Sun et al., [2009b](#mas21411-bib-1283){ref-type="ref"}).

The performance of chromatographic columns consisting of agarose‐bead‐bound 3‐aminophenyl boronic acid, agarose‐bound wheat‐germ agglutinin (WGA) or a mixture of both compounds (boronic acid lectin affinity chromatography, BLAC) has been evaluated for glycoprotein enrichment using the model proteins of RNaseB and trypsin inhibitor in the presence of the non‐glycosylated proteins, myoglobin (neutral) and lysozyme (basic) over a wide temperature range (5--65°C). The results showed that glycoaffinity micropartitioning at 25°C provided the highest recovery rate for glycoprotein enrichment. A large amount of lysozyme was present in the elution fractions of the 3‐aminophenyl boronic acid‐containing micropartitioning columns due to an ion‐exchange mechanism occurring between the positively charged protein and the negatively charged stationary phase. At 65°C, nonspecific interactions with the agarose carrier prevailed, evidenced by the presence of myoglobin in the eluate (Olajos et al., [2010](#mas21411-bib-0997){ref-type="ref"}).

A novel boronate affinity monolith, poly‐(3‐acrylamidophenylboronic acid‐co‐ethylene dimethacrylate) (**61**) has been prepared in 530 mm capillaries by a one‐step *in situ* polymerization procedure (Chen et al., [2009b](#mas21411-bib-0184){ref-type="ref"}). The monolith was used to separate glycopeptides from peptides produced from HRP and to separate this glycosylated protein from non‐glycosylated bovine serum albumin (BSA). The MALDI‐TOF spectrum of the HRP peptides showed little evidence of the presence of glycopeptides before passage through the capillary but revealed abundant glycopeptide ions after treatment.
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#### 11.5.1.2. Other solid‐phase methods {#mas21411-sec-0049}

Titanium dioxide (TiO~2~) microspheres, synthesized by a sol--gel method, have a high affinity for the acid groups of sialic acids and peptides. They have successfully been used for simultaneous enrichment of glycopeptides and phosphopeptides from, for example bovine RNaseB and human IgG (Yan et al., [2010](#mas21411-bib-1494){ref-type="ref"}). Detection was by ESI but the method would be equally applicable to MALDI‐TOF analysis.

Mysling et al. ([2010](#mas21411-bib-0929){ref-type="ref"}) have used ZIC‐HILIC in a microcolumn format for SPE and glycoprotein enrichment involving trifluoroacetic acid (TFA) ion pairing to increase the hydrophilicity difference between glycopeptides and non‐glycosylated peptides. Three mobile phases were investigated: 2% formic acid, 0.1% TFA and 1% TFA all containing 80% acetonitrile and experiments were conducted on single glycoproteins, a five‐glycoprotein mixture and depleted plasma. The presence of TFA, particularly at the 1% level, in the mobile phase significantly improved the glycopeptide enrichment (3.7‐fold) as evaluated by MALDI‐TOF MS and RP‐LC‐ESI‐MS/MS.

Four types of hydrazine functionalized carboxyl and epoxysilanized magnetic particles (HFMP) have been developed by Sun et al. ([2010a](#mas21411-bib-1284){ref-type="ref"}) for isolation of glycopeptides. Particles prepared by adipic dihydrazide functionalization from carboxyl‐silanized magnetic particles yielded the maximum capture capacity. The method was verified by successful isolation of all formerly glycosylated peptides from standard glycoproteins (fetuin, RNaseB, and human serum albumin (HSA)) and by identification of their glycosylation sites.

#### 11.5.1.3. Other techniques {#mas21411-sec-0050}

MALDI‐TOF MS has been used by Carvalho et al. ([2009](#mas21411-bib-0166){ref-type="ref"}) to characterize the α‐ and β‐subunit of recombinant and pituitary glycoprotein hormones that have been separated by a new method of incubating the glycoproteins overnight with acetic acid (0.5--3.0 M) at 37°C.

### 11.5.2. *N*‐Glycans {#mas21411-sec-0051}

#### 11.5.2.1. Use of mass spectrometry to detect glycosylation of proteins {#mas21411-sec-0052}

A simple method to detect glycosylation is to measure the mass of a glycoprotein and then to repeat the measurement after incubation with PNGase F to remove the *N*‐glycans. The method has been used to detect the presence of *N*‐glycans in recombinant bovine CD38 expressed in *Pichia pastoris* (Muller‐Steffner et al., [2010](#mas21411-bib-0914){ref-type="ref"}). The molar masses of non‐glycosylated (29,343 Da) and penta‐glycosylated *Thermomyces lanuginosus* lipase (40,906) as measured by MALDI‐TOF MS have confirmed glycosylation and shown that each glycan‐moiety adds approximately 2,000 Da to the molar masses (Pinholt et al., [2010](#mas21411-bib-1074){ref-type="ref"}). In another example, Cu/Zn superoxide dismutase monomer was determined to have a mass of 17,097 Da before deglycosylation and 15,871 Da afterwards giving a mass for the glycan of about 1,200 (Nedeva et al., [2009](#mas21411-bib-0943){ref-type="ref"}).

The difference between the sequence mass (33,768 Da) and measured mass of about 44,604 Da of the peroxidase from royal palm tree (*Roystonea regia*) together with the fact that the amino‐acid sequence includes 12 possible *N*‐glycosylation sites, suggests heavy glycosylation. Glycosylation sites were identified, in this case, by *N*‐terminal sequencing and MALDI‐TOF‐MS analysis of tryptic peptides (Watanabe et al., [2010](#mas21411-bib-1440){ref-type="ref"}).

#### 11.5.2.2. Mass spectrometric detection of glycoforms of intact glycoproteins {#mas21411-sec-0053}

Although resolution of glycoforms by MALDI‐TOF MS is generally inferior to that obtained by ESI, glycoproteins with masses in the region of 60 kDa, containing only a limited number of glycoforms have been resolved successfully as illustrated by the resolution of four glycoforms of antithrombin in a study of altered glycosylation causing antithrombin deficiency (Martínez‐Martínez et al., [2010](#mas21411-bib-0841){ref-type="ref"}). Glycans appeared to be sialylated biantennary (residue mass 2,204 Da).

Ogawa et al. ([2009](#mas21411-bib-0982){ref-type="ref"}) have observed resolution of glycoforms of *Stereum purpureum* endopolygalacturonase I produced in *P. pastoris* (36.5 kDa). Three main ion peaks corresponding to the protein with the high‐mannose glycans Man~8--10~GlcNAc~2~ together with some minor unresolved ions were observed.

#### 11.5.2.3. Detection of glycosylation sites and site occupancy {#mas21411-sec-0054}

The most common method for detecting site occupancy is to utilize the conversion of the Asn to which the *N*‐glycans are attached to aspartic acid (Asp) when the glycans are released with PNGase F. The increase by one mass unit is readily detected by MS. The method has been used, for example to confirm occupancy of six of the seven potential *N*‐linked glycosylation sites in the envelope glycoprotein gp116 and three of the four potential sites in the gp64 protein of the yellow head virus from the *Penaeus monodon* shrimp (Soowannayan et al., [2010](#mas21411-bib-1249){ref-type="ref"}).

Periodate oxidation and hydrazide capture on a solid support have been used by Lewandrowski and Sickmann ([2009](#mas21411-bib-0739){ref-type="ref"}) to study glycosylation sites in human platelet proteins. The bound glycoproteins were sufficiently stable to allow washing, following which the proteins were hydrolyzed. Glycopeptides remained bound to the solid support through the glycan moiety from where they were released with PNGase F and the glycosylation site was identified by means of the Asn to Asp conversion.

A new method using tandem ^18^O stable isotope labeling (TOSIL) to quantify the *N*‐glycosylation site occupancy has been reported (Liu et al., [2010k](#mas21411-bib-0790){ref-type="ref"}). Glycoproteins were digested with trypsin and PNGase F in the presence of either H~2~ ^18^O or H~2~ ^16^O. Three ^18^O atoms were introduced into *N*‐glycosylated peptides, two at the carboxyl terminus of all peptides and the third at the *N*‐glycosylation site. The samples were mixed to give pairs of ions in the resulting MALDI or ESI spectra. A unique mass shift of 6 Da was produced by *N*‐glycosylated peptide with a single glycosylation site, whereas non‐glycosylated peptides produced an ion pair spaced by only 4 Da. Intensity ratios could be used to monitor site occupancy in various physiological and disease conditions. The method yielded good linearity within a 10‐fold dynamic range with the correlation coefficient *r* ^2^ \> 0.99. The standard deviation (SD) ranged from 0.06 to 0.21, for four glycopeptides from two model glycoproteins. The method was used to monitor glycoproteins in the sera from a patient with ovarian cancer and healthy individuals. Eighty‐six *N*‐glycosylation sites were quantified and *N*‐glycosylation levels of 56 glycopeptides showed significant changes. A similar ^18^O‐labeling technique was used by Alvarez‐Manilla ([2010b](#mas21411-bib-0029){ref-type="ref"}) to identify *N*‐glycosylation sites in Con‐A‐extracted glycopeptides from pluripotent murine embryonic stem cells. Glycopeptides rather than glycoproteins were extracted from tryptic digests to avoid false positives produced from non‐glycosylated proteins that were bound to extracted glycoproteins if no digestion had been performed.

Segu et al. ([2010b](#mas21411-bib-1188){ref-type="ref"}) have published a method for detecting sites occupied by glycans carrying a fucose residue attached to the core. The method made use of the endoglycosidase M which, like PNGase F has a broad spectrum of activity with the exceptions that (a) it is not active on core‐fucosylated glycans and (b) it shows reduced activity with larger glycans. The second exception was overcome by conducting incubations in the presence of sialidase, β‐galactosidase and β‐*N*‐acetylhexosaminidase, which reduced the size of the glycans. Then, the results were compared with the products of digestions performed with PNGase F allowing the core‐fucosylated sites to be determined. Analyses were by LC/MS but the technique would be equally applicable to MALDI‐TOF analysis.

#### 11.5.2.4. Analysis of glycopeptides {#mas21411-sec-0055}

Because many glycoproteins are too large and heavily glycosylated for direct analysis by MS, much work is performed on derived glycopeptides, most commonly tryptic glycopeptides. Tryptic cleavage of glycoproteins is frequently hindered by steric hindrance imposed by the glycans but improvements can be made by the use of heat to increase the rate of proteolysis. Segu, Hammad, and Mechref ([2010a](#mas21411-bib-1187){ref-type="ref"}) have used microwave‐assisted enzymatic digestion to achieve higher sequence coverage of several model glycoproteins such as fetuin, TF, and fibrinogen. Efficient digestion was achieved in 15 min at an optimum temperature of 45°C; there was no apparent loss or partial cleavage of the glycans.

Signals from glycopeptides are often weak or absent from the spectra of mixed peptides and glycopeptides, a situation that can be improved by fractionation of the two compound classes. Wohlgemuth et al. ([2009](#mas21411-bib-1460){ref-type="ref"}) have investigated several techniques and have shown that hydrophilic interaction chromatography (HILIC) chromatography with ZIC‐HILIC and TSKgel Amide‐80 are very specific at capturing glycopeptides from mixtures. Sialylated glycopeptides could also be enriched with TiO~2~. Capture using a hydrazide column resulted in lower recovery and involved a more complex enrichment scheme. A new material for glycopeptide concentration, termed "click maltose," has been synthesized by linking the alkynyl‐derivatized maltose chain to the azide derivatized silica gel through click chemistry. Unlike the rigid structure of Sepharose, the saccharide chain of click maltose exhibits a certain amount of flexibility, which provides a sufficient number of hydroxyl groups for the effective formation of hydrogen bonds with the glycans attached to glycopeptides. The material was used to isolate glycopeptides from IgG, RNaseB, and AGP (Yu et al., [2009a](#mas21411-bib-1521){ref-type="ref"}). Cellulose columns have also been used for concentration of glycopeptides (Snovida et al., [2010](#mas21411-bib-1233){ref-type="ref"}).

A method for detecting core‐fucosylated (CF) glycoproteins for screening purposes has been reported by Jia et al. ([2009](#mas21411-bib-0547){ref-type="ref"}). After IgG depletion, fucosylated plasma proteins were enriched by use of *Lens culinaris* lectin and the bound glycoproteins were digested by trypsin. These compounds were enriched by use of a 3,000 Da cut‐off filter, a procedure that also combines de‐salting and concentration. The recovered glycopeptides were then treated with endoglycosidase F3, which specifically cleaves the glycosidic bond between the two proximal (core) GlcNAc residues and leaves the fucosyl‐GlcNAc residues attached to the peptides. Four standard glycoproteins, apo‐TF, fetuin, rhEPO, and RNaseB, was used to illustrate the method. In addition, a part of the untreated tryptic peptides was treated with PNGase F in order to locate the glycosylation site by the Asn to Asp conversion. Products were detected by MALDI‐TOF. In a related method using an ion trap, a neutral loss scan for fucose (146 Da) was also used to detect fucosylation. The methods were applied to the detection of fucosylated glycoproteins in the plasma of healthy subjects and subjects with hepatocellular carcinoma. Over 100 fucosylated glycoproteins and attachment sites were identified, and over 10,000 mass spectra of CF glycopeptide were analyzed.

A method termed the Sulfate Emerging method has been described for specifically extracting sulfated glycopeptides (Toyoda, Narimatsu, & Kameyama, [2009](#mas21411-bib-1358){ref-type="ref"}) from mixtures. The method overcomes the often negative contribution from other charged groups in the molecules. To accentuate the negative charge on the sulfate group, basic amino acids were eliminated and carboxylic acids were neutralized as follows: The protein was first hydrolyzed with trypsin and then the positively charged C‐terminal lysines (Lyss) and arginines (Args) were eliminated by incubation with carboxypeptidase B. The negative charges of the carboxylic acid groups on the peptides were then neutralized by chemical modification with acetohydrazide using the recently reported quantitative modification of carboxyl groups in sialic acid using this reagent and 1‐ethyl‐3‐(3‐dimethylaminopropyl) carbodiimide hydrochloride (**43**). The sulfated glycopeptides in the mixture were then captured by anion exchange resin with a basic buffer (pH 8.6) in which protonation of histidine residues was suppressed. Finally, the sulfated glycopeptides were eluted from the anion exchange resin by increasing the ionic strength of the elution buffer for analysis by MS.

Rather than trypsin, pronase has been used as a non‐selective enzyme to reduce the protein to a single amino acid (Asn) or short peptide attached to *N*‐glycans. These compounds are generally smaller than those obtained from *O*‐linked glycopeptides, probably because *O*‐glycans lie closer to the peptide backbone than *N*‐glycans and protect the polypeptide from enzymatic digestion. *N*‐Glycans usually rise above the peptide backbone exposing the polypeptide to enzymatic digestion. Dodds et al. ([2009](#mas21411-bib-0268){ref-type="ref"}) have described immobilized pronase which retains its activity after repeated use for at least 6 weeks.

Use of negative ion detection has been reported by Nwosu et al. ([2010](#mas21411-bib-0974){ref-type="ref"}) as providing distinct advantages over detection in positive ion mode for the detection of glycopeptides produced by pronase digestion. Analysis in positive ion mode, although most commonly used for glycopeptide characterization, is hampered by potential charge‐induced fragmentation of the glycopeptides and poor detection of the glycopeptides carrying sialic acids. Furthermore, CID spectra of glycopeptides in the positive ion mode predominantly yields glycan fragments with minimal information on the peptide moiety. In the study by Nwosu et al., which employed bovine lactoferrin for detection of *N*‐glycosylation and κ‐casein for *O*‐glycosylation, 44 potential *N*‐linked glycopeptides were detected in the positive ion mode whereas 61 potential *N*‐linked glycopeptides were detected in negative ion mode. Analysis of κ‐casein, which contained mainly sialylated glycans, yielded improved results in negative mode.

Experimental details for peptide mass fingerprinting and identification of glycosylation sites have been published by Wilson, Simpson, and Cooper‐Liddell ([2009](#mas21411-bib-1458){ref-type="ref"}).

Unlike the case with released glycans, where a relatively low mass accuracy measurement is usually sufficient to determine the composition in terms of the constituent monosaccharides, the situation is very different for measurements of glycopeptides. Desaire and Hua ([2009](#mas21411-bib-0259){ref-type="ref"}) have examined the accuracy required and have concluded that in only a few cases can the mass accuracy provided by most commercial instruments be sufficient to unambiguously assign compositions to all glycopeptides in a mixture.

#### 11.5.2.5. *N*‐Glycan release {#mas21411-sec-0056}

Once glycosylation sites have been determined, detailed structural analysis of the attached glycans is more conveniently carried out after releasing the glycans from the protein or peptide. Both chemical and enzymatic methods are available but although, in the past, chemical release with hydrazine was popular, most investigators now prefer enzymatic methods.

##### 11.5.2.5.1. Enzymatic release {#mas21411-sec-0057}

###### 11.5.2.5.1.1. PNGase F {#mas21411-sec-0058}

Peptide *N*‐glycosidase F (PNGase F), an amidase, is the most popular enzyme for cleaving *N*‐glycans from their Asn linkage site. It shows a broad range of substrate specificity with the exception that it does not release glycans bearing a fucose residue attached to position 3 of the reducing‐terminal GlcNAc; in these cases, PNGase A is appropriate. PNGase F cleaves the entire glycans, which are released as the corresponding glycosylamines. These compounds rapidly hydrolyze to the glycan with retention of the reducing terminus. This method is, thus, distinctly advantageous to techniques such as β‐elimination, popular with *O*‐glycans (see below) because this site can conveniently be used to attached tags for fluorescence or other detection methods. Wang et al. ([2009i](#mas21411-bib-1436){ref-type="ref"}) have recently found that the activity of the enzyme towards denatured glycoproteins can be enhanced by removal of the *N*‐terminal H1 helix from the enzyme.

Bereman et al. ([2009b](#mas21411-bib-0098){ref-type="ref"}) have studied methods for optimizing the release of glycans with this enzyme. Dialysis of plasma prior to incubation was found to have little or no effect. However, microwave‐assisted glycan release was found to be beneficial; 20 min at 20°C with approximately 250 W was found to give optimal results. Surprisingly, no protease digestion was required as needed with standard incubation methods, and it was found that an 18‐hr incubation with no detergent (NP40) led to the greatest ion abundance of glycans from plasma glycoproteins. Data could be obtained in less than 1 day from raw plasma samples utilizing microwave irradiation. PNGase F‐glycan release from human serum glycoproteins has been achieved in 10 min by using a constant microwave power of 20 W, giving a temperature of 44°C (Kronewitter et al., [2010](#mas21411-bib-0682){ref-type="ref"}). In this study, the glycans were recovered by SPE using a robotic liquid handler and examined by MALDI with an FT‐ICR instrument from DHB. Replicate analysis gave coefficients of variation of less than 0.2.

The standard protocol for *N*‐glycan release from glycoproteins requires relatively long deglycosylation times (from several hours to, usually, overnight) and relatively high enzyme concentration (from 1:250 to 1:500 enzyme/substrate ratio). Szabo, Guttman, and Karger ([2010a](#mas21411-bib-1291){ref-type="ref"}) have used a high‐pressure method, both to reduce the reaction time and the amount of enzyme required. Thus, a pressure‐cycling device was use to cycle the pressure from atmospheric to as high as 30 kpsi. Greater than 95% release of the Asn‐linked glycans from bovine RNaseB, human TF, and polyclonal human immunoglobulin was achieved in only a few minutes using as low as 1:2,500 enzyme: substrate molar ratio.

A reactor with immobilized PNGase F on a monolithic polymer support in a capillary has been developed that allows fast and efficient release of *N*‐linked glycans. Performance was determined with RNaseB, chicken ovalbumin, and human IgG with detection by MALDI‐TOF MS. The optimized reactor was integrated into a multidimensional system comprising on‐line glycan release and hydrophilic interaction liquid chromatography (LC) followed by ESI‐TOF MS detection. Using this system, human IgG was deglycosylated at room temperature in 5.5 min to an extent similar to that achieved with the soluble enzyme after 24 hr at 37°C (Krenkova, Lacher, & Svec, [2009](#mas21411-bib-0678){ref-type="ref"}).

Immobilization of PNGase F on detonation nanodiamonds has resulted in glycan release from glycoproteins in less than 10 min (Wei et al., [2010](#mas21411-bib-1444){ref-type="ref"}). The method, using trypsin immobilization, also gave good results and proved to be better for proteolysis than the use of commercial immobilized trypsin beads.

####### 11.5.2.5.1.1.1. Artefacts associated with PNGase release of *N*‐glycans {#mas21411-sec-0059}

For solution release of glycans, the glycoprotein is usually denatured by reduction and alkylation or by use of detergents or other compounds such as urea. In general, low concentrations of urea (\<3 M) do not usually cause irreversible protein denaturation. Indeed, PNGaseF itself is stable in 2.5 M urea at 37°C for 24 hr and still possesses about 40% activity in 5 M urea. However, other glycoproteins appear more susceptible. For example, analysis by SDS--PAGE and MALDI‐TOF MS have revealed that additional 2.5 kDa of glycans can be released by PNGase F if the deglycosylation is conducted in 2 M urea suggesting that urea treatment exposes a glycosylation site that was previously inaccessible to PNGaseF (Lee et al., [2009g](#mas21411-bib-0720){ref-type="ref"}). Use of urea, however, can cause problems with the released glycans because it has been reported to compete with water for hydrolysis of the initially formed glycosylamines with the formation of a urea complex (Omtvedt et al., [2004](#mas21411-bib-1000){ref-type="ref"}).

Another artefact that has been found in glycans released with PNGase F involves the reaction of the glycosylamines with H~2~S to form the glycan‐SH analogue. The H~2~S arises from dithiothreitol (DTT, **6/44**), a reagent used for protein alkylation and present in some commercial preparations of the reagent. The consequence of this reaction is an increase in 16 Da giving the impression, from a simple mass measurement, that the glycan has an additional oxygen atom. Addition of 16 Da can also be observed in MALDI spectra as a consequence of the formation of \[M+K\]^+^ rather than \[M+Na\]^+^ ions, but this possibility can be excluded by formation of \[M+Cs\]^+^ ions whereupon the 16 Da mass increase will still be present. The reaction with H~2~S was first noted with glycans from human IgG and negative ion MS/MS of the artefactual products located the 16 Da to the reducing‐terminal GlcNAc residue. The negative ion fragmentation pattern was the same as that expected for a glycan with a hexose attached to the 6‐position of the residue rather than fucose (deoxy‐Hex) that was actually the case. This result emphasizes how careful one must be, not only in deducing compositions from glycan masses but also in interpreting their MS/MS spectra (Harvey & Rudd, [2010](#mas21411-bib-0437){ref-type="ref"}).

Another artefact of the PNGase F release step, detectable by CE but not by MS has been identified as the product of epimerization of the terminal GlcNAc residue to *N*‐acetylmannosamine (ManNAc, **62**) under the slightly basic conditions usually employed in the release reaction. Reducing the pH to 5.5 effectively removed the by‐product (Liu, Salas‐Solano, & Gennaro, [2009h](#mas21411-bib-0787){ref-type="ref"}).
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###### 11.5.2.5.1.2. Other endoglycosidases {#mas21411-sec-0060}

Another popular enzyme for *N*‐glycan release is endo H which cleaves the chitobiose core of high‐mannose and hybrid glycans but not complex ones, leaving a GlcNAc residue, with any linked fucose, attached to the protein. Pace et al. ([2009](#mas21411-bib-1015){ref-type="ref"}) have made use of this property to release and identify minor glycans in IgG without interference from the more abundant complex glycans. Endo F1 has a similar specificity and has been used by, for example, Voutilainen et al. ([2010](#mas21411-bib-1419){ref-type="ref"}) to detect glycosylation in *Talaromyces emersonii* cellobiohydrolase Cel7A produced in the yeast *Saccharomyces cerevisiae*.

Ammonium hydroxide/carbonate‐based chemical deglycosylation and PNGase A enzymatic release have been compared for glycan release from a plantibody produced in tobacco plants (Triguero et al., [2010](#mas21411-bib-1361){ref-type="ref"}). Although both methods gave similar profiles as evaluated by HPLC of 2‐AB derivatives, the main drawback of the chemical release method was that it induced degradation of α1,3‐fucosylated *N*‐glycans.

##### 11.5.2.5.2. Extraction and purification of released glycans {#mas21411-sec-0061}

Clean‐up of samples prior to MS is crucial to obtaining good spectra. Many methods are in use; porous graphatized carbon (Buser et al., [2010](#mas21411-bib-0148){ref-type="ref"}) is popular and we have found Nafion membranes (B\"rnsen, Mohr, & Widmer, [1995](#mas21411-bib-0133){ref-type="ref"}) to be convenient at removing both salts and some hydrophobic compounds. Avoiding the introduction of contaminants is also important. Disposable plasticware such as plastic test tubes that are normally used to process samples have been shown to be a major source of contamination. The contaminants, which produce ions, mainly prompt fragments across the entire mass range to about *m*/*z* 3,000, originate from polymers that are used to protect the plastic against oxygen or UV light degradation. Such compounds are hindered amine light stabilizers (HALSs) used in modern polyolefin (polypropylene, polyethylene) stabilization. The polymeric agent: poly‐(*N*‐β‐hydroxyethyl‐2,2,6,6‐tetramethyl‐4‐hydroxy‐piperidinyl succinate, **63**), known as Tinuvin‐622 or Lowilite 62, has been found to leach from laboratory polypropylene or polyethylene plastic test tubes into solvents used for sample preparation. 1.5 mL plastic tubes were found to be the major source of the contamination but the authors of the paper found that this could be minimized by using large solvent volumes of, for example, matrix solution (Sachon et al., [2010](#mas21411-bib-1141){ref-type="ref"}).
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Amano and Nishimura ([2010](#mas21411-bib-0033){ref-type="ref"}) have used two kinds of hydrazide‐functionalized glycobeads, termed GlycoBlot H and GlycoBlot ABC of which the latter carries an additional fluorescent probe, to extract PNGase F‐released *N*‐glycans from solution. Sialic acids were then converted into methyl esters using the 3‐methyl‐1‐*p*‐tolyltriazene (MTT, **6/23**) reagent described by Miura et al. ([2007](#mas21411-bib-0879){ref-type="ref"}) and the products were examined by MALDI‐TOF MS after release of the glycans from the beads by mild acid hydrolysis. The method was used to examine human serum glycoproteins for cancer biomarkers. Full experimental details of the extraction and derivatization procedure are given in the paper. Enrichment of serum and cellular glycoproteins with Glycoblot H beads has also been used for *O*‐glycan analysis (Miura et al., [2010b](#mas21411-bib-0880){ref-type="ref"}). Glycans were released from human milk osteopontin and urinary MUC1 glycoproteins with ammonium carbamate and the method was proposed as ideal for identification of biomarkers.

A method for sequentially enriching sulfated glycans by strong anion‐exchange chromatography according to their degree of sulfation has been described by Lei, Novotny, and Mechref ([2010](#mas21411-bib-0733){ref-type="ref"}). The method is based on modifying the binding ability of strong anion‐exchange material with different sodium acetate concentrations, thus enabling selective binding and a subsequent elution of different glycans according to their degree of sulfation. Before this enrichment, the negative charge on any sialic acid was eliminated by permethylation. The method was initially optimized using sulfated oligosaccharide standards and then used to examine the sulfated *N*‐glycans from bTSH, a glycoprotein possessing mono‐ and disulfated *N*‐glycans.

#### 11.5.2.6. Analysis of released glycans {#mas21411-sec-0062}

Ahn et al. ([2010](#mas21411-bib-0013){ref-type="ref"}) have obtained good resolution of *N*‐glycans as their 2‐AB derivatives using HILIC columns packed with 1.7 µm sorbent. Glycans were released from RNase B with PNGase F and extracted using a microElution HILIC SPE 96‐well plate. The labeled glycans were also extracted from the preparative reagents using the same plate and their integrity was checked by MALDI‐TOF MS.

In another technique, Guillard et al. ([2009](#mas21411-bib-0404){ref-type="ref"}) have experimented with optimizing a linear ion trap instrument for automated measurement of permethylated *N*‐glycans in serum. Glycans were released with PNGase F, cleaned with graphitized carbon and permethylated with the sodium hydroxide method. DHB, although the favored matrix for carbohydrates, failed to give the necessary reproducibility because of the large crystal size. CHCA, on the other hand, proved to be satisfactory.

Full experimental details for analysis of *O*‐ and *N*‐linked glycans have been published by several authors (Azadi & Heiss, [2009](#mas21411-bib-0073){ref-type="ref"}; Morelle et al., [2009a](#mas21411-bib-0900){ref-type="ref"}; North et al., [2010b](#mas21411-bib-0969){ref-type="ref"}).

#### 11.5.2.7. Total methods for glycoprotein structure {#mas21411-sec-0063}

There have been many reports of methods for total glycoprotein analysis of which the following are representative. A small‐scale method for *N*‐glycan release and analysis from plants used to produce recombinant glycoproteins has been described (Karg et al., [2009](#mas21411-bib-0593){ref-type="ref"}). Concentration, protease digestion and deglycosylation are carried out in a single concentrator unit without the need for intermittent purification. This approach minimized adsorptive losses and facilitated handling. The plant protein was concentrated in a unit with a 5 kDa cutoff and after buffer exchange, pepsin digestion was carried out in the concentrator overnight. Deglycosylation was carried out with PNGase A for 24 hr. Released *N*‐glycans were purified using reversed‐phase and cation exchange chromatography in micro‐columns and analyzed by MALDI‐TOF MS without derivatization.

A chip‐based reversed‐phase LC/MS method for *N*‐glycan analysis suitable for biomarker discovery has been developed by Alley et al. ([2010](#mas21411-bib-0026){ref-type="ref"}). *N*‐Glycans were released from bovine fetuin as a model glycoprotein and human serum glycoproteins with PNGase F and reduced to alditols with an ammonia‐borane complex. The glycans were then permethylated in dimethylformamide to avoid artefacts in MS measurements and their structures were checked by MALDI‐TOF measurements. Reversed‐phase microfluidic LC of the permethylated *N*‐linked oligosaccharide alditols was then performed and was shown to resolve some closely related structures. Optimized LC gradients, together with nanospray MS were then used with human serum samples to distinguish breast cancer patients from control individuals.

A previously established two‐dimensional HPLC technique has been adapted as a HPLC‐MALDI MS method for *N*‐glycan analysis by Gillmeister et al. ([2009](#mas21411-bib-0364){ref-type="ref"}). Glycans were released from glycoproteins with PNGase F purified with graphitized carbon and fluorescently labeled with 2‐AP. The labeled glycans were analyzed on a 2‐mm reversed phase (RP) HPLC column and spotted onto a MALDI‐TOF MS plate together with the DHB matrix using an automated plate spotter. The method gave a 100‐fold reduction in the required amounts of starting protein compared with the earlier procedure. The entire process could be carried out in 2--3 days for a large number of samples as compared to 1--2 weeks per sample for previous two‐dimensional HPLC methods. The modified method was verified by identifying *N*‐glycans from an IgG antibody from human sera samples and applied to analysis of tissue plasminogen activator (TPA) from CHO cell cultures under varying culture conditions.

Kim et al. ([2009b](#mas21411-bib-0628){ref-type="ref"}) have released glycans on a polyvinylidine difluoride (PVDF) membrane with PNGase F and cleaned them with graphitized carbon contained in a 96‐well plate before converting them into Girard\'s T derivatives to introduce a constitutive cationic charge for quantification. Analysis was by MALDI‐TOF MS and the robust method was used to profile *N*‐glycans from ovarian cancer patients using as little as 5 µL of serum.

A high‐throughput method for the analysis of human plasma glycomes using a 48‐channel multiplexed capillary gel electrophoresis (CGE) DNA sequencer with laser‐induced fluorescence detection (CGE‐LIF) system has been described with MALDI‐TOF MS used to provide structural information (Ruhaak et al., [2010c](#mas21411-bib-1136){ref-type="ref"}). Glycans were released from plasma glycoproteins in a 96‐well plate using PNGase F and converted into APTS derivatives with the help of 2‐picoline borane (**27**) as the reducing agent. Analysis by CGE‐LIF using the DNA sequencer allowed 96 samples to be analyzed in only 2.5 hr (the experimental time was longer because of two overnight incubations). The method was applied to a study of glycosylation patterns during first, second, and third trimesters of pregnancy, as well as 6 weeks, 3 months, and 6 months postpartum.

Although analysis of glycoproteins carrying neutral glycans is now routine, analysis of glycoproteins with sialylated glycans is more difficult. Hao, Ren, and Xie ([2010](#mas21411-bib-0424){ref-type="ref"}) have approached the problem by first performing a tryptic digestion to give peptides and glycopeptides. Peptide mass fingerprinting was performed on the peptides in order to identify the protein. The glycopeptides, separated by HILIC chromatography, were examined by MALDI‐TOF MS and MS/MS and treated with PNGase F to release the glycans, which, together with the resulting peptides were again examined by MS. The Asn to Asp conversion in the peptide fraction enabled the glycosylation site to be identified. Finally, the glycans were desialylated with dilute HCl and again analyzed by MS. The technique was applied to glycoproteins from human serum separated by 2‐D electrophoresis and the differences in *N*‐glycosylation were successfully determined for α1‐antitrypsin between different gel spots.

In another method, sialylated glycoproteins have been selectively periodate‐oxidized, captured on hydrazide beads, trypsinized and released by acid hydrolysis of the sialic acid glycosidic bonds. Mass spectrometric fragment analysis allowed identification of glycan structures and additional fragmentation of deglycosylated ions yielded peptide sequence information which allowed glycan attachment sits to be identified together with identification of the protein. Using this method, the investigators identified 36 *N*‐linked and 44 *O*‐linked glycosylation sites on glycoproteins from human cerebrospinal fluid (Nilsson et al., [2009](#mas21411-bib-0957){ref-type="ref"}).

Related to this method is one developed by Klement et al. ([2010](#mas21411-bib-0644){ref-type="ref"}) for enrichment of *O*‐GlcNAc‐modified proteins. Glycoproteins were again oxidized with periodate and captured by hydrazide resin capture. Rather than release of the peptide enzymatically, the glycopeptide was released by hydroxylamine treatment which also converted the aldehyde groups of the oxidized glycan to oximes. The open nature of the carbohydrate ring, following oxidation, lead to the production of characteristic fragment ions facilitating both glycopeptide identification and site attachment. The method was applied to analysis of α‐crystallin A and the *Drosophila* proteaosome.

#### 11.5.2.8. Comparisons of methods for *N*‐glycan analysis {#mas21411-sec-0064}

A comparative study of three techniques, MALDI‐TOF, SDS--PAGE and CGE‐on‐a‐chip, for measuring the MWs of large glycoproteins has been reported by Müller et al. ([2010b](#mas21411-bib-0916){ref-type="ref"}). It was found that all three techniques were capable of determining the MW of all high MW (glyco)proteins tested. The non‐commercial CGE‐on‐a‐chip assay allowed electrophoretic separation of proteins in the MW range from 14 kDa to 1 MDa. MW assignment was limited to 500 kDa in the case of SDS--PAGE but with the proper matrix (THAP for most glycoproteins, sinapinic acid for α2‐macroglobulin) and sample preparation, analysis with a standard MALDI‐TOF‐MS provided accurate MWs for all high MW proteins up to 1 MDa.

Three methods for *N*‐glycan characterization, namely MALDI‐MS of glycopeptides from tryptic digestion, negative‐ion ESI‐MS/MS of released *N*‐glycans, and normal‐phase HPLC of fluorescently labeled glycans, in combination with exoglycosidase sequencing, have been evaluated for glycan identification using monoclonal antibodies expressed in tobacco plants as model compounds (Triguero et al., [2010](#mas21411-bib-1361){ref-type="ref"}). The MS methods identified the major glycans, but the HPLC method was found to be the best for identification and relative quantitation. Negative‐mode ESI‐MS/MS easily provided direct identification of features such as the linkage position of the fucose residue linked to the inner core GlcNAc residue.

Grey et al. ([2009](#mas21411-bib-0394){ref-type="ref"}) have developed a high‐performance ion exchange chromatographic method for *N*‐glycan analysis and have shown that it gives very similar results to analysis by MALDI‐TOF. A series of standard glycans was examined and the method was extended to the analysis of *N*‐glycans released from IgG1.

An inter‐laboratory study involving eleven UK laboratories using their routine glycan analysis procedures looked at reproducibility on glycan profiling from *N*‐glycans released before the study from four glycoproteins, human and bovine AGP, bovine pancreatic RNaseB and human serum immunoglobulin G (hIgG). Data interpretation focused on the relative amounts of different glycan structures present, the degree of sialylation, galactosylation profiles, fucosylation, and bisecting GlcNAc content and the number of glycan components identified. All laboratories found high levels of sialylation for human and bovine AGP, but varying amounts of di‐, tri‐, and tetra‐antennary glycans. Values obtained from mass spectrometric and chromatographic methods clustered separately. The proportion of the major Man~5~GlcNAc~2~ from RNaseB was between 29% and 62%. Proportions of fucosylated and bisected GlcNAc glycans from hIgG were between 58% and 96% and 9% and 23%, respectively. Mass spectrometric approaches consistently identified more glycan species, especially when both *N*‐glycoylneuraminic acid (Neu5Gc) and Neu5Ac were present (Thobhani et al., [2009](#mas21411-bib-1342){ref-type="ref"}).

A recent test of the ability of several laboratories to identify *N*‐glycans released with PNGase F from a mixture of four glycoproteins, asialo‐fetuin, chicken ovalbumin and both human and bovine AGP has also yielded some alarming results (Orlando, Leymarie, & Keck, [2010](#mas21411-bib-1004){ref-type="ref"}). Although 18 of the 19 laboratories detected the presence of fucosylated complex *N*‐glycans, 14 of them incorrectly located the fucose to the core GlcNAc of human AGP rather than to an antenna. All nine of the labs using MS (not MS^2^) misidentified the site and all five of laboratories relying on software to identify the site also reported it incorrectly. Although the ionic charge was not specified, it is assumed to be positive because it would be impossible to make this mistake with negative ion fragmentation. Features such as the position of fucose residues produce diagnostic cross‐ring fragments whose mass depends on the location of the fucose residue (Harvey et al., [2008](#mas21411-bib-0439){ref-type="ref"}). Such mis‐identifications are particularly worrying because serum AGP is elevated in inflammatory disease and is of potential use as a biomarker. Many laboratories using this potential biomarker in serum also report the structure incorrectly.

Another problem in the survey arose with *N*‐glycoyl‐neuraminic acid (**5/38**), present in the bovine version of α1‐glycoprotein. This carbohydrate is antigenic and is of concern to pharmaceutical companies producing pharmaceuticals in organisms that utilize this sialic acid. In the survey, eight of the laboratories, including seven of the eight participating industrial laboratories failed to detect its presence. All of the four laboratories that used a fluorescence tag, failed to detect this sialic acid. Slightly better results were obtained by laboratories using MALDI; of ten labs that used this technique, only two failed to detect this sialic acid. Most laboratories that successfully detected this carbohydrate, permethylated their samples, which, of course, would stabilize it to MALDI conditions. With mixtures containing different quantities of glycans, no lab correctly detected either three or four of the changes, one lab identified two of the four changes, seven labs identified one change but the 11 other labs failed to identify any changes correctly. Clearly, current analytical methods leave much to be desired.

#### 11.5.2.9. Applications of MALDI to the detailed structural determination of *N*‐linked glycans {#mas21411-sec-0065}

A large number of reports have appeared on the applications of the above techniques to analysis of *N*‐glycans from specific glycoproteins. These are summarized in Tables [10](#mas21411-tbl-0010){ref-type="table"} and [11](#mas21411-tbl-0011){ref-type="table"}. Other examples can be found in the tables on medical applications of MALDI MS (Table [23](#mas21411-tbl-0023){ref-type="table"}) and biopharmaceuticals (Table [24](#mas21411-tbl-0024){ref-type="table"}). Some of the more unusual structures to be discovered are tetra‐antennary glycans with poly‐*N*‐lactosamine extensions with up to nine fucose residues in human seminal plasma (Pang et al., [2009](#mas21411-bib-1024){ref-type="ref"}), a Man~5~GlcNAc~2~ glycan with a bisecting GlcNAc residue (**64**) (Buser et al., [2010](#mas21411-bib-0148){ref-type="ref"}); a Man~8~GlcNAc~2~‐type glycan with two bisecting GlcNAcs (**65**) proposed from *Dictyostelium discoideum* (Schiller et al., [2009](#mas21411-bib-1173){ref-type="ref"}; Feasley et al., [2010](#mas21411-bib-0311){ref-type="ref"}) and an unusual glycan with internal fucose and glucuronic acid (GlcA) from *Rapana venosa* hemocyanin (Velkova et al., [2009](#mas21411-bib-1404){ref-type="ref"}). However, in the latter case, the structure was based on evidence from only one positive ion MS/MS spectrum and is open to alternative interpretations.
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#### 11.5.2.10. Miscellaneous studies {#mas21411-sec-0066}

Among other studies, MALDI‐TOF MS has been used to confirm the glycan compositions of several well‐known glycoproteins in a study showing that glycosylation protects proteins against free radicals generated from toxic xenobiotics (Martínek et al., [2010](#mas21411-bib-0839){ref-type="ref"}) The rice‐derived recombinant human transferrin (rhTF) has been shown to be non‐*N*‐glycosylated by MALDI and PNGase F enzyme digestion (Zhang et al., [2010a](#mas21411-bib-1539){ref-type="ref"}).

### 11.5.3. O‐linked Glycans {#mas21411-sec-0067}

Compared with *N*‐glycans, comparatively little has been published on the analysis of *O*‐glycans. Two reviews include one on analytical methods for the analysis of MUC‐type *O*‐linked glycans (Jensen et al., [2010](#mas21411-bib-0543){ref-type="ref"}) (137 references) and a second on more general MS‐based methods for *O*‐glycan analysis (Sheng, Xia, & Yan, [2010](#mas21411-bib-1204){ref-type="ref"}).

#### 11.5.3.1. Release of O‐Linked glycans {#mas21411-sec-0068}

##### 11.5.3.1.1. β‐Elimination {#mas21411-sec-0069}

Because there is no general endoglycosidase for release of *O*‐glycans, these compounds are usually released chemically. β‐Elimination using a strong base such as sodium hydroxide followed by reduction to prevent a peeling reaction is the most common method but has the disadvantage of eliminating the reducing terminus, thus preventing tagging with fluorescent or other tags. Some investigators have, thus, investigated the use of milder bases with the aim of avoiding the reductive stage and retaining the reducing terminus. Zheng, Guo, and Cai ([2009](#mas21411-bib-1562){ref-type="ref"}) have compared ammonia, methylamine and dimethylamine at 55°C for 6 hr for release of *N*‐acetylgalactosamine (GalNAc) from a small glycopeptide. β‐Elimination with dimethylamine and methylamine resulted in the conversion of the glycopeptide to 69.2% of the dimethylamine derivative at *m*/*z* 550.32 and 61.5% of the methylamine derivative at *m*/*z* 543.33, respectively. However, the incubation of the glycopeptide with ammonia only resulted in 8% production of the product. The authors concluded that elimination with dimethylamine was the most efficient for release the *O*‐linked glycans. Release with methylamine was used by Sun et al. ([2010b](#mas21411-bib-1285){ref-type="ref"}) to determine the glycosylation sites in human protein C inhibitor by the 13.03 mass increment introduced by the reaction.

Release with ammonia has been investigated in detail by Yu et al. ([2010a](#mas21411-bib-1520){ref-type="ref"}) for *O*‐glycan chains with β1,3‐linked cores. In contrast to β1,4‐linkages of the *N*‐glycan‐type, which were shown to be stable under the ammonium‐based alkaline conditions, the β1,3‐linkage was found to be labile and to give considerable peeling (Yu et al., [2010a](#mas21411-bib-1520){ref-type="ref"}). The results indicated that complete prevention of peeling under nonreducing alkali‐catalyzed hydrolysis conditions remains difficult. The yields of *O*‐ and *N*‐glycans from bovine fetuin released by conventional means (PNGase F and reductive β‐elimination with NaOH) were found to be greater. It was concluded that great care should be taken when employing such non‐reducing alkaline conditions in glycomic analysis and in obtaining some *O*‐glycans for functional studies.

Because the hydroxide ion appears to cause the unfavorable peeling reactions, Miura et al. ([2010b](#mas21411-bib-0880){ref-type="ref"}) have investigated the use of the ammonium salt, ammonium carbamate for glycan release. The efficiency of release with ammonium carbamate was compared with a common conventional procedure, namely saturated ammonium carbonate/aqueous ammonia with bovine submaxillary mucin (BSM) as the test compound. Release with ammonium carbamate did not exhibit significant loss of GlcNAc‐β1,3(Neu5Acα2,6)GalNAc or GlcNAcβ1,3(Neu5Gcα2,6)GalNAc and the profile of the major *O*‐glycans was similar to that obtained following conventional reductive amination with NaOH/NaBH~4~. On the other hand, glycans obtained by treating BSM with ammonium carbonate/28% aqueous ammonia and analyzed by MALDI‐TOF MS showed a significant increase of the disaccharide components, Neu5Acα2,6GalNAc and Neu5Gcα2,6GalNAc, suggesting the presence of a peeling reaction. Use of ammonium carbamate, thus, appears to produce efficient release without concomitant peeling. The release was performed by addition of powdered ammonium carbamate and incubation for 20 hr at 60°C.

Yamada et al. ([2009](#mas21411-bib-1488){ref-type="ref"}) have used a recently developed automated release apparatus using lithium hydroxide to obtain *O*‐glycans from leukemia and epithelial cancer cells. Because these cells usually contain free glycans, the investigators first reduced these with sodium borohydride and then labeled the released glycans with 2‐AA in order to avoid interference.

A new release method reported by Goetz, Novotny, and Mechref ([2009](#mas21411-bib-0368){ref-type="ref"}) combined enzymatic and chemical techniques and used β‐elimination to cleave glycans from serine (Ser) and threonine (Thr) but not Asn. The method involved first a nonspecific proteolysis with pronase, followed by solid‐phase permethylation with sodium hydroxide. The basic sodium hydroxide caused the glycans to be released by β‐elimination and these were immediately permethylated. This combination of the enzymatic and chemical procedures was reported to give a substantial improvement in sensitivity and analytical reproducibility over existing methods by minimizing sample losses. Moreover, the approach was reported to extend the cleavage protocols to large glycoproteins where small oligosaccharides were not accessible to conventional chemical treatment. The method was developed with fetuin and used to identify new *O*‐glycans from bile salt‐stimulated lipase (BSSL).

Maniatis, Zhou, and Reinhold ([2010](#mas21411-bib-0830){ref-type="ref"}) have released *O*‐glycans with aqueous dimethylamine in the presence of sodium borohydride by use of a microwave oven. The release was performed at 70°C and, for a heptapeptide carrying a GlcNAc group attached to Thr, was complete in 70 min. The reaction also labeled the site of detachment with a dimethylamino group. Use of a 1:1 mixture of dimethylamine and \[^2^H~3~\]~2~NH produced doublets in the peptide mass spectrum separated by six units, allowing the glycosylation sites to be readily identified.

*N*‐Glycans are frequently removed from glycoproteins before *O*‐glycan removal by β‐elimination. However Stone et al. ([2009](#mas21411-bib-1264){ref-type="ref"}) have reported improved recovery of *O*‐glycans from murine tissues without prior *N*‐glycan removal. KBH~4~ and KOH were used to remove the *O*‐glycans and possible low levels of concomitantly released *N*‐glycans were tolerated.

##### 11.5.3.1.2. Use of hydrazine {#mas21411-sec-0070}

Hydrazine has also been used to release these glycans with a new gas‐phase method using anhydrous hydrazine being evaluated by Goso, Tsubokawa, and Ishihara ([2009](#mas21411-bib-0382){ref-type="ref"}) with MUC‐type oligosaccharides from porcine gastric mucin (PGM) and bovine fetuin. Released glycans were examined by HPLC and MALDI‐TOF as 2‐AA derivatives. Glycans obtained by the treatment with hydrazine at 65°C for 6 hr resembled those obtained by β‐elimination, except for the additional disaccharide fractions derived from the core 1 side of the oligosaccharides by further degradation. The other degraded products derived from the core 2 side could not be derivatized by 2‐AA, therefore, were not visible by fluorescence detection. Release of the glycans was incomplete after 6 hr but almost complete liberation was achieved by extending the treatment to 18 hr. However, degradation increased. In this case, the addition of barium oxide to the reaction vessel decreased the degree of further degradation. Results similar to PGM were obtained from bovine fetuin, but with less degradation. Application of this method to the analysis of rat gastric mucin (RGM) showed that RGM has a large oligosaccharide portion on the core 1 side.

##### 11.5.3.1.3. Other methods {#mas21411-sec-0071}

A new method for *O*‐glycan removal for study of the residual deglycosylated protein has been reported (Hanisch et al., [2009](#mas21411-bib-0420){ref-type="ref"}). Desialylated glycoproteins whose sugar chains consisted of Gal‐GalNAc, were immobilized on alkali‐stable, reversed‐phase Poros 20 beads and treated with periodate to oxidize the *cis*‐glycol groups in the Gal residue. The resulting aldehydes were then susceptible to β‐elimination under mild (NH~3~) basic conditions. The remaining GalNAc residue, which now contained a *cis*‐glycol group, was oxidized with further treatment with periodate and removed with base. Although the number of cycles required depended on the number of Gal‐GalNAc repeats, large core 2‐type glycans that usually only have Gal attached to the 3‐position of the core GalNAc, could be deglycosylated in only two steps.

*O*‐Linked glycosylation often occurs in MUC‐type domains that are heavily and heterogeneously glycosylated. Several strategies to determine the heterogeneity of these domains have recently been investigated with four glucanases secreted in large quantities from *Trichoderma reesei*, all of which contained heavily *O*‐glycosylated MUC‐like linker regions, being used as models. The strategies involved monosaccharide compositional analysis and identification of the released glycans by HPAEC‐pulsed amperometric detection (PAD) and carbon‐LC ESI‐MS/MS. Glycosylated peptides were generated by different protease digestions (trypsin, papain, Asp‐N, PreTAQ) and enriched by HILIC microcolumns. The complex *O*‐glycan heterogeneity was determined by MALDI‐MS and ESI‐MS, but the dense *O*‐glycosylation in the MUC‐type domains conferred high resistance to protease cleavage. ETD‐MS/MS of the glycopeptide‐enriched protease digests was unsuccessful for the assignment of *O*‐glycosylation at individual sites within the MUC‐type domains but allowed several previously unknown *O*‐linked sites outside the defined linker region to be found on two of the four glucanases (Christiansen et al., [2010](#mas21411-bib-0208){ref-type="ref"}).

##### 11.5.3.1.4. Comparison of methods {#mas21411-sec-0072}

Three samples of IgA1 isolated from the serum of patients with multiple myeloma have been distributed on behalf of the Human Proteome Organization Human Disease Glycomics/Proteome Initiative to 15 laboratories for comparative analysis of their *O*‐glycans. A range of techniques was used; the two strategies that yielded the best data were direct positive ion MS analysis of permethylated glycans and LC‐MS analysis of native reduced glycans in negative ion mode. The studies reinforced the pre‐eminent performance of MS techniques for *O*‐glycan profiling (Wada et al., [2010b](#mas21411-bib-1423){ref-type="ref"}).

#### 11.5.3.2. Applications of MALDI to the structural determination of O‐linked glycans {#mas21411-sec-0073}

Examples of the application of MALDI MS to the analysis of *O*‐glycans are summarized in Tables [12](#mas21411-tbl-0012){ref-type="table"} and [13](#mas21411-tbl-0013){ref-type="table"}.

###### 

Use of MALDI MS for Examination of *O*‐Glycans From Specific Glycopeptides

+----------------------------------------------+
| ![](MAS-34-268-g014.jpg "mas21411-gra-0012") |
|                                              |
| ![](MAS-34-268-g040.jpg "mas21411-gra-1012") |
+----------------------------------------------+

 ^1^Format (not all items present): Glycan release method and/or protease, MALDI method (matrix), compounds run (derivative), other methods.
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###### 

Use of MALDI MS for Examination of *O*‐Glycans From Intact Organisms or Tissues

+----------------------------------------------+
| ![](MAS-34-268-g015.jpg "mas21411-gra-0013") |
|                                              |
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+----------------------------------------------+

 ^1^Format (not all items present): Glycan release method and/or protease, MALDI method (matrix), compounds run (derivative), other methods.
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### 11.5.4. Glycosaminoglycans {#mas21411-sec-0074}

Several reviews and general analytical methods have been reported; these are listed in Table [14](#mas21411-tbl-0014){ref-type="table"}.

###### 

Reviews and General Articles on the Analysis of Glycosaminoglycans (GAGs)

  ----------------------------------------------
  ![](MAS-34-268-g016.jpg "mas21411-gra-0014")
  ----------------------------------------------
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Loss of sulfate is a major problem in the MALDI analysis of these compounds but this can be avoided by use of desorption ESI (Przybylski et al., [2010a](#mas21411-bib-1091){ref-type="ref"}). Little use appears to have been made of the peptide binding method for stabilization of sulfate groups in these compounds as reported by Juhasz and Biemann ([1994](#mas21411-bib-0563){ref-type="ref"}). One report concerns the identification of a pentasulfated hexasaccharide responsible for binding to the growth factor pleiotrophin (Li et al., [2010a](#mas21411-bib-0744){ref-type="ref"}). The compound was complexed with (Arg‐Gly)~15~ and identified by MALDI‐TOF from DHB. In another study (Li et al., [2010a](#mas21411-bib-0744){ref-type="ref"}), a pentasulfated hexasaccharide with a novel structure (Δ^4,5^HexAα1‐3GalNAc(4S)β1‐4IdoA(2S)α1‐3GalNAc(4S)β1‐4IdoA(2S)α1‐3GalNAc(4S)) has been isolated from the chondroitinase AC‐I digest of shark skin. Again, (Arg‐Gly)~15~ was used as the complexing agent.

Bultel et al. ([2010](#mas21411-bib-0145){ref-type="ref"}) have developed a method for analysis of heparin oligosaccharides by using controlled nitrous acid degradation followed by high‐performance anion exchange chromatography (HPAEC) separation and UV‐MALDI‐TOF analysis. The use of three different matrices, DHB, CHCA, and *nor*‐harmane were investigated but only DHB and *nor*‐harmane were needed to assign the position of sulfate groups. DHB allowed the molecular ion to be detected in nearly all cases and gave fragments arising from the loss of sulfate groups. *Nor*‐harmane, in contrast, produced mainly fragments. In all cases, ions retaining the sulfate groups were observed making these fragments essential for assigning the sulfated positions of each residue. While *nor*‐harmane was not able to produce enough analyte desorption/ionization, fragments useful for structural assignment were produced by the addition of butylammonium formate to the DHB matrix.

### 11.5.5. Glycosyl‐phosphatidylinositol (GPI) Anchors {#mas21411-sec-0075}

A method for analysis of GPI anchors on the "proteomic" scale has been described (Mehlert & Ferguson, [2009](#mas21411-bib-0864){ref-type="ref"}). Partially purified proteins were separated by SDS--PAGE and then blotted onto a PVDF membrane. Following identification of the protein, the GPI anchor was analyzed by three methods. First, the compound was hydrolyzed with HCl in the presence of \[1,2,3,4,5,6‐^2^H~6~\]‐myo‐inositol and the hydrolysate was analyzed as trimethylsilyl (TMS) derivatives by GC/MS. Next, the phosphate bonds were cleaved and the carbohydrate structure was elucidated by electrospray or MALDI‐TOF MS. Finally, the diacylglycerol‐attached myo‐inositol moiety was detached by nitrous acid deamination and analyzed by negative ion electrospray.

Bütikofer et al. ([2010](#mas21411-bib-0149){ref-type="ref"}) have studied lipid remodeling of GPI glycoconjugates in procyclic‐form trypanosomes and shown that, in *Trypanosoma congolense*, the steady‐state lipids consist of lyso‐(acyl)phosphatidylinositol (PI, **66**), deacyl‐PI and deacyl‐(acyl)PI species, where (acyl) indicates an acyl group attached to the inositol moiety. MALDI‐QIT‐TOF in negative ion mode from THAP was used to analyze the PI species after deamination with nitrous acid.
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### 11.5.6. S‐Layer Glycoproteins {#mas21411-sec-0076}

Although many bacteria produce S‐layer proteins with glycosylation, Qazi et al. ([2009](#mas21411-bib-1096){ref-type="ref"}) have used MALDI‐TOF MS to show that those from *Clostridium difficile* are not glycosylated.

### 11.5.7. Glycated Proteins (Non‐Enzymatic Attachment of Sugars) {#mas21411-sec-0077}

This topic has been reviewed by Zhang et al. ([2009f](#mas21411-bib-1553){ref-type="ref"}) and Capote and Sanchez ([2009](#mas21411-bib-0162){ref-type="ref"}). MALDI is used mainly to determine the extent of glycation of intact proteins or to determine the sites of attachment of the covalent glycans.

#### 11.5.7.1. Specific methods for glycated peptides {#mas21411-sec-0078}

Amadori peptides have been enriched with boronate affinity tips for measurement by MALDI‐TOF/MS. The tips showed the highest binding efficiency for glucose at pH 8.2 employing ammonium chloride/ammonia buffer with ionic strength of 150 mM. The bound constituents were released by sorbitol (**1/42**) or formic acid. Using sorbitol for elution required desalting prior to analysis. Of three different sorbents tested: fullerene‐derivatized silica, ZipTips (C18), and C18 silica, fullerene‐derivatized silica and ZipTips showed the same performance with respect to the numbers of glycated peptides and gave better performance than C18 silica. Fewer glycated peptides were detected by LC‐MS/MS than by MALDI (Takátsy et al., [2009](#mas21411-bib-1309){ref-type="ref"}).

A novel fullerene(C60)‐derivatized silica material has been compared with octadecyl(C18) and triaconthyl(C30)‐silicas for their ability to recover peptides from digests of HSA and fibrinogen. C30‐ and particularly the C60(30 nm)‐SPE materials were found to be the two most effective. After glycation the digests of fibrinogen and HSA were also separated. This new method made the detection of a considerably higher number of glycated peptides possible compared to the unfractionated digests and the use of boronate affinity chromatography in the case of fibrinogen. For HSA, 10 new sites of glycation at Lys and Arg residues were found (Böddi et al., [2009](#mas21411-bib-0119){ref-type="ref"}).

A mass spectrometric method for screening large tandem mass spectrometric (MS/MS) datasets for protein glycation with glucose (**1/4**), lactose (**67**) and maltose (**68**) has been developed (Montgomery, Tanaka, & Belgacem, [2010](#mas21411-bib-0895){ref-type="ref"}). Control experiments using a standard peptide containing a single glycation site led to the discovery of characteristic neutral loss fragmentation patterns in MS/MS analysis for glucose, lactose and maltose condensed with peptide. For glucose glycation, neutral losses of 36, 120, and 162 Da were observed in accordance with previously published reports. The neutral loss patterns for lactose and maltose were found to be identical, with characteristic losses of 162, 198, 282, and 324 Da. These signature losses were observed irrespective of the MALDI mass spectrometer used and were valid in both TOF--TOF and QIT--TOF instruments. These neutral loss signatures were then applied to elucidation of modified peptides from a complex HSA digest glycated with each of the proposed sugars. Screening of these large datasets was made possible by specifically designed software that enabled the input of detailed user‐defined post‐translational modifications that are not included in the universally available databases such as Unimod.
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A quantitative method for measuring glycation sites on HSA has been reported (Barnaby et al., [2010](#mas21411-bib-0085){ref-type="ref"}). A sample containing *in vitro* glycated HSA was digested with various proteolytic enzymes in ^18^O‐enriched water and, in parallel, a normal HSA sample, with no significant levels of glycation, was digested in unlabeled water. The samples were mixed and the ^16^O/^18^O ratios of the peptides were measured in each digest by MALDI‐TOF MS. The values obtained for the ^16^O/^18^O ratios were used to determine the degree of modification that had occurred in various regions of glycated HSA. Peptides containing Args 114, 81, or 218 and Lyss 413, 432, 159, 212, or 323 were found to have ^16^O/^18^O ratios greater than a cut off value of 2.0. A qualitative comparison of the ^16^O‐ and ^18^O‐labeled digests indicated that Lyss 525 and 439 also had significant degrees of modification. The modifications that occurred at these sites were variations of fructosyl‐Lys and advanced glycation end products (AGEs) which included 1‐alkyl‐2‐formyl‐3,4‐glycoyl‐pyrole (**4/45**) and pyrraline (**4/44**).

The fragmentation behavior of the peptide Ac‐PAAPAAPAPAEKTPV‐OH (human histone H1.4, positions 6--20) glycated *via* its Lys residues to ADP‐ribose has been studied by Fedorova, Frolov, and Hoffmann ([2010a](#mas21411-bib-0312){ref-type="ref"}). Under MALDI conditions, the ADP‐ribosyl group was cleaved, almost completely at the pyrophosphate bond by ISD and PSD. However, this cleavage was very weak in ESI‐MS. The remaining phospho‐ribosyl group was stable, providing a direct and reliable identification of the glycation site *via* the b‐ and y‐ion series.

As well as being associated with health problems, in for example, diabetes, protein glycation is important in the food industry in, for example, the browning of food during cooking. The reaction is also being used to attach carbohydrates to proteins to improve technological and biological functionalities. In relation to this latter use, Corzo‐Martnez et al. ([2010](#mas21411-bib-0235){ref-type="ref"}) have used MALDI‐TOF MS to study the reaction between β‐lactoglobulin and the sugars galactose and tagatose (**69**) and found that the reaction can be competitively moderated with pyridoxamine (**70**).
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Other reports of the use of MALDI to study glycation of specific proteins are summarized in Table [15](#mas21411-tbl-0015){ref-type="table"}.

###### 

Use of MALDI MS for the Investigation of Glycated Proteins

  ----------------------------------------------
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  ----------------------------------------------

 ^1^Format (not all items present): MALDI method (matrix), compounds run (derivative), other methods.
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11.6. Peptidoglycans {#mas21411-sec-0079}
--------------------

Typical structures consist of GlcNAc‐MurNAc (**71**) disaccharides cross‐linked by short peptides. They are usually analyzed as muropeptides following enzymatic digestion. Reports of the use of MALDI to study peptidoglycans and muropeptides are summarized in Table [16](#mas21411-tbl-0016){ref-type="table"}.

###### 

Use of MALDI MS for Examination of Bacterial Peptidoglycans and Muropeptides

  ----------------------------------------------
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 ^1^Format (not all items present): MALDI method (matrix).
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11.7. Glycolipids {#mas21411-sec-0080}
-----------------

This is a very large group of compounds but most work involving MALDI has been concentrated on the LPS from bacteria and the GSLs. Work, mainly involving structural determination, on the many other types of glycolipids found in bacteria and similar organisms, is summarized in Table [17](#mas21411-tbl-0017){ref-type="table"}. A general review on analysis of microbial glycopolymers has been published by Brandenburg, Garidel, and Gutsmann ([2009](#mas21411-bib-0139){ref-type="ref"}), and Fuchs and Schiller ([2009](#mas21411-bib-0333){ref-type="ref"}) have discussed applications of MALDI‐TOF MS to lipidomics. A more general review by Fuchs, Süß, and Schiller ([2010](#mas21411-bib-0332){ref-type="ref"}) covers applications of MALDI‐TOF MS coupled to TLC and includes applications to glycolipids and carbohydrates.

###### 

Use of MALDI MS for Examination of Bacterial Glycolipids (Lipid A‐Linked)
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 ^1^Format (not all items present): MALDI method (matrix), other methods.
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### 11.7.1. Lipopolysaccharides (LPS) {#mas21411-sec-0081}

These compounds form the outer membranes of gram‐negative bacteria and consist of the anchoring lipid A (**1/18**) composed of two glucosamine (GlcN) residues linked to several long‐chain fatty acids, a core carbohydrate region and often a very long carbohydrate, the O‐chain, composed of repeating oligosaccharide units. Extraction is usually with solvent mixtures such as phenol/chloroform/petroleum ether and the molecules are frequently split into their component parts by mild acid hydrolysis for further structural analysis. Dephosphorylation and deacylation are also common. Reviews on the structural investigation of bacterial LPS by MS and MS/MS have been published by Banoub et al. ([2010](#mas21411-bib-0078){ref-type="ref"}) and by Grice and Wilson ([2009](#mas21411-bib-0395){ref-type="ref"}). Lipid A from *Coxiella burnetii*, the causative agent of Q fever has been discussed by Toman, Skultety, and Ihnatko ([2009](#mas21411-bib-1353){ref-type="ref"}) and a more general review of the core region and lipid A of LPS has been published by Holst and Molinaro ([2010](#mas21411-bib-0468){ref-type="ref"}).

#### 11.7.1.1. Intact LPS {#mas21411-sec-0082}

The first structures of LPS to be elucidated from cyanobacteria has been reported by Snyder et al. ([2009](#mas21411-bib-1234){ref-type="ref"}). Two strains of marine *Synechococcus*, WH8102 and CC9311, were used and were shown to have very simple structures without the complex O‐chain found in most proteobacteria. The LPS (**72**) of these cyanobacteria did not contain phosphate, heptose (Hep) or Kdo (**1/13**) but instead possessed 4‐linked glucose as their main saccharide component, with low levels of GlcN and galacturonic acid (GalA). MALDI‐TOF MS of the intact minimal core LPS revealed triacylated and tetraacylated structures with a heterogeneous mixture of both hydroxylated and nonhydroxylated fatty acids connected to the di‐GlcN backbone. In contrast to enteric lipid A, which can be liberated from LPS by mild acid hydrolysis, lipid A from these organisms could be produced only by two novel procedures: triethylamine‐assisted periodate oxidation and acetolysis.
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Unique caryophyllose (α‐3,6‐dideoxy‐4‐*C*‐([d]{.smallcaps}‐*altro*‐1,3,4,5‐tetrahydroxyhexyl)‐[d]{.smallcaps}‐*xylo*‐hexopyranose, **73**)‐containing cell wall glycolipids have been identified in LPS from *Mycobacterium marinum* (Rombouts et al., [2009](#mas21411-bib-1125){ref-type="ref"}). MALDI‐TOF spectra were obtained from DHB and ESI‐MS/MS was used to elucidate the glycan sequence.
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#### 11.7.1.2. Lipid A {#mas21411-sec-0083}

Sample preparation has been shown to be critical for assessing the true composition of these compounds. In a comparative study, Kawasaki ([2009](#mas21411-bib-0608){ref-type="ref"}) have shown that MALDI‐TOF MS analysis of lipid A prepared using a commercial "Tri‐reagent"‐based procedure with a 5‐chloro‐2‐mercaptobenzothiazole (CMBT) (**1/33**) matrix gave the best results for compounds with a phosphoethanolamine (PEt*N*) modification. In contrast, the analysis of lipid A prepared using an LPS extraction kit‐based procedure with DHB was preferable for the detection of an aminoarabinose modification.

For isolation of lipid A from *Yersinia enterocolitica*, Pérez‐Gutiérrez et al. ([2010](#mas21411-bib-1058){ref-type="ref"}) used an ammonium hydroxide‐isobutyric acid method. Lyophilized crude cells were incubated with isobutyric acid and ammonium hydroxide (5:3, v/v) at 100°C for 2 hr, washed twice with methanol and the insoluble lipid A was solubilized in chloroform--methanol--water (3:1.5:0.25, v/v/v). Analysis was by MALDI‐TOF MS from DHB in negative ion mode because of the presence of two phosphate groups. The lipid as A contained both four or six fatty acyl chains whose ratio changed with growth temperature. A similar method has been used by March et al. ([2010](#mas21411-bib-0831){ref-type="ref"}) to study lipid A from *Acinetobacter baumannii*. The molecules were found to have from four to seven acyl groups.

A microwave‐assisted method for obtaining Lipid A from *Helicobacter pylori* has been developed by Zhou et al. ([2009a](#mas21411-bib-1564){ref-type="ref"}). Lyophilized cells were suspended in sodium acetate buffer (pH 4.5) containing proteinase K and subjected to microwave irritation at 50 W for 5 min at 58°C and then kept for 1 hr at 100°C. After centrifugation and washing, the dried supernatant was examined by MALDI‐TOF/TOF from CMBT. The reliability of the technique was demonstrated by analysis of the lipid A from bacterial cells of different *H. pylori* strains. The phosphorylation and acylation patterns could be elucidated using material from a single colony. Furthermore, the investigators found unusual heptaacyl lipid A species present in low abundance in *H. pylori* mutant that have not been previously reported. The study was claimed to provide the first characterization by MS of the lipid A component from a single bacterial colony.

The mass spectrometric behavior of lipid A is highly dependent on both the matrix and phosphorylation patterns. Zhou et al. ([2010a](#mas21411-bib-1563){ref-type="ref"}) have investigated the effects of different matrices and co‐matrices using lipid A from *Escherichia coli* O116 as a model system. Good results were obtained with CMBT with added EDTA (**5/43**) ammonium salt as the matrix. This matrix system was found to enhance the sensitivity of the detection of diphosphorylated lipid A by more than 100‐fold and, in addition, provided tolerance to high concentrations of SDS and to both sodium and calcium chlorides at µM concentrations. The method was evaluated for analysis of lipid A with different phosphorylation patterns and from different bacteria, including *H. pylori*, *Salmonella enterica* serovar Riogrande, and *Francisella novicida*.

An LC/MS‐based assay has been developed for the quantitation of aminosugars, including GlcN (**74**), galactosamine (GalN, **75**) and aminoarabinose (AraN, **76**) together with ethanolamine (EtN), present in lipid A and has been applied to the analysis of lipid A isolated from several biosynthetic and regulatory mutants of *S. enterica* serovar *Typhimurium* and *Francisella tularensis* subspecies *novicida* characterized by MALDI‐TOF. Lipid A was treated with TFA to liberate and deacetylate individual aminosugars and mass tagged with 6‐aminoquinolyl‐*N*‐hydroxysuccinimidyl carbamate (**77**), which reacts with primary and secondary amines. The derivatives were separated using RP‐chromatography and analyzed with a quadrupole MS to detect quantities as small as 20 fmol. GalN was detected only in *Francisella* and AraN only in *Salmonella*, while GlcN was detected in lipid A samples from both species (Kalhorn et al., [2009](#mas21411-bib-0576){ref-type="ref"}).
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#### 11.7.1.3. Core oligosaccharide {#mas21411-sec-0084}

During an analysis of the permethylated derivative of the core oligosaccharide from *Aeromonas hydrophila*, prepared by the Hakamori method, ions appearing at 78 mass units higher than the \[M+H\]^+^ ions were observed. These ions were determined to be dimethylsulfoxide (DMSO) covalent addition products resulting from the Michael addition of the dimsyl anion on the C‐2--C‐3 double bond of a 4,8‐anhydro Kdo (**1/13**) residue followed by an addition of a proton on the double bond. Corresponding ions were also seen in methylations performed using the NaOH technique and represent the first characterization of these addition products (Sioud et al., [2010](#mas21411-bib-1226){ref-type="ref"}).

### 11.7.2. Glycosphingolipids (GSLs) {#mas21411-sec-0085}

Typical pre‐MALDI techniques for the analysis of these compounds include separation by TLC and cleavage of the Cer portion so that the glycan can be analyzed without the heterogeniety produced by the lipid. Reviews on the analysis of GSLs are summarised in Table [18](#mas21411-tbl-0018){ref-type="table"}.

###### 

Reviews and General Articles on the Analysis of Glycosphingolipids (GSLs)

  ----------------------------------------------
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#### 11.7.2.1. Analysis of intact compounds {#mas21411-sec-0086}

Stübiger et al. ([2009](#mas21411-bib-1268){ref-type="ref"}) have separated lipids, including GSLs by high‐performance TLC, stained them with Coomassie blue and analyzed them either directly from the TLC plates or, after their removal, with an appropriate solvent. THAP (**1/44**) was used as the matrix with acetone as the solvent for the on‐plate analysis because its high volatility minimized sample spreading.

A method for structural profiling of individual GSLs in a single thin‐layer chromatogram by multiple sequential immuno‐detection has been developed by Souady et al. ([2009](#mas21411-bib-1250){ref-type="ref"}). Structures of the antibody‐detected GSLs were determined by direct coupling of TLC with IR‐MALDI after treatment of the TLC plate with glycerol. This combined technique was used to demonstrate structural GSL profiling of crude lipid extracts from human hepatocellular cancer.

A new method for analysis of GSLs involves selective ozonolysis of the C--C double bond in the ceramide moiety of biological samples and subsequent enrichment of the generated GSL aldehydes by chemical ligation using aminooxy‐functionalized gold nanoparticles (aoGNP). The GSL‐bound nanoparticles were removed by ultrafiltration and the GSLs were analyzed by MALDI‐TOF and ‐TOF/TOF MS from DHB. The method was used for structural profiling of mouse brain gangliosides such as GM1, GD1a/GD1b, and GT1b for adult or GD3 in the case for the embryonic mouse. Because the saturated acyl groups remained intact, the spectra provided information on both the carbohydrate and fatty acyl moieties (Nagahori, Abe, & Nishimura, [2009](#mas21411-bib-0931){ref-type="ref"}).

The direct structural characterization of microbial GSL receptors by use of the TLC overlay assay combined with IR‐MALDI‐o‐TOF‐MS has been described (Müsken et al., [2010](#mas21411-bib-0923){ref-type="ref"}). Glycan mixtures were separated by TLC in three parallel lanes. One lane was stained with orcinol and a second was overlayed with GSL‐specific bacteria. The bound microbes were detected with primary antibodies against bacterial surface proteins and the relevant GSLs were detected in the third lane by IR‐MALDI‐TOF. The combined method worked on the microgram scale of GSL mixtures and was successfully applied to the compositional analysis of globo‐series neutral GSLs recognized by P‐fimbriated *E. coli* bacteria, used as model microorganisms for infection of the human urinary tract.

Incubation of botulinum neurotoxin serotype D with the GSL, GT1b has produced a complex (MW 51,921) that was detected intact by MALDI‐TOF MS from sinapinic acid and provided evidence that the toxin attacks neurons in a ganglioside‐dependent manner (Strotmeier et al., [2010](#mas21411-bib-1266){ref-type="ref"}).

A method for generation of novel fluorocarbon derivatives from GSLs has been described by Li et al. ([2010f](#mas21411-bib-0751){ref-type="ref"}). The derivatives had high affinity for fluorocarbon phases allowing them to be recovered from biological matrices by fluorous solid phase extraction (F‐SPE). Sphingolipid ceramide *N*‐deacylase was used to remove the fatty acid from the ceramide moiety, after which the fluorocarbon‐rich substituent (F‐Tag, **78**) was linked to the free amine. Finally, the molecules were permethylated for MS analysis and the method was used to examine a crude ganglioside mixture extracted from bovine brain. In addition, the flourous tag was used in a microarray format to fix F‐tagged GM1 ganglioside to a fluorous glass surface, with the glycan intact and available for interaction with a fluorescent derivative of cholera toxin B chain.
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Cheng et al. ([2010a](#mas21411-bib-0194){ref-type="ref"}) have used 9‐AA (**6/18**) as a matrix for quantitative analysis of sulfatides in biological samples. The matrix was said to promote selective ionization of sulfatides in negative ion mode with a detection limit in the high attomole range. Experimental details have been published for high‐performance TLC separation of glycolipids followed by blotting to a PVDF membrane in a technique termed Far‐Eastern blot with analysis by MALDI‐TOF MS (Taki et al., [2009](#mas21411-bib-1311){ref-type="ref"}).

#### 11.7.2.2. Studies on the glycan moiety following removal of the ceramide {#mas21411-sec-0087}

For studies of the carbohydrate portion of these molecules, lipid heterogeniety is frequently reduced by removing the ceramide with enzymes such as *Rhodococcal* endoglycoceramidase or leech ceramide glycanase. Li et al. ([2009e](#mas21411-bib-0750){ref-type="ref"}) have described the preparation of the intact oligosaccharides from GM1 (NeuAcGgOse~4~Cer) and GbOse~4~Cer as examples to show the use of ceramide glycanase and have optimized the specificity and detergent requirements of *Rhodococcal* endoglycoceramidase for the release of glycan chains from various GSLs.

A novel method of detecting 6‐gala series GSLs (those possessing an R‐Galβ1‐6Galβ1‐1‐Cer, group) has been reported (Ishibashi et al., [2009](#mas21411-bib-0516){ref-type="ref"}). The method used the specificity of endogalactosylceramidase, an enzyme that is capable of hydrolyzing 6‐gala series GSLs to produce intact oligosaccharides and ceramides but which also catalyzes transglycosylation reactions. In the latter reaction, the enzyme transferred oligosaccharides from the GSLs to acceptors such as fluorescent 1‐alkanols. In this application, 7‐nitro‐2,1,3‐benzoxadiazole pentanol (NBD‐pentanol, **79**) was used as an acceptor. The fluorescent products, NBD‐pentanol‐conjugated‐6‐gala oligosaccharides, were separated and detected by TLC or HPLC with a fluorescent detector and characterized by MALDI‐TOF MS. The method could also be applied to glycoglycerolipids and digalactosyldiacylglycerol and was successfully applied to detect 6‐gala series GSLs in the fungus, *Rhizopus oryzae* and the parasite, *Taenia crassiceps*.
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Other applications of MALDI to the analysis of these compounds is summarised in Table [19](#mas21411-tbl-0019){ref-type="table"}.
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 ^1^Format (not all items present): Glycan cleavage, MALDI method (matrix), compounds studied (derivative) other methods.
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### 11.7.3. Rhamnolipids {#mas21411-sec-0088}

Rhamnolipids are glycolipids of the type **80** produced by *Pseudomonas* spp. MALDI‐TOF MS approaches have been developed for high‐throughput screening of naturally occurring mixtures of rhamnolipids. Mono‐rhamnolipids and di‐rhamnolipids were readily distinguished by characteristic molecular adduct ions, \[M+Na\]^+^ and \[M−H+Na~2~\]^+^, with variously acylated rhamnolipids differing by 28 mu. Proton‐deuterium exchange was used to confirm the number of labile hydrogen atoms and to further verify the structures. Thus, deuterated \[M+Na‐^1^H~4~+^2^H~4~\]^+^ and \[M+Na‐^1^H~6~+^2^H~6~\]^+^ ions were observed for the monorhamnolipids and dirhamnolipids, respectively. The method was validated by compositional analysis using GC/MS, fractionation by RP‐HPLC and analysis by 1 and 2D NMR (Price et al., [2009](#mas21411-bib-1088){ref-type="ref"}).
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### 11.7.4. Other Glycolipids {#mas21411-sec-0089}

Applications of MALDI to the analysis of other glycolipids are listed in Table [20](#mas21411-tbl-0020){ref-type="table"}.
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11.8. Glycosides {#mas21411-sec-0090}
----------------

Although much work has been published on glycosides during the review period, MALDI appears to occupy a relatively minor position with fast atom bombardment (FAB) and, particularly ESI being the preferred techniques. Most work has been on the identification of glycosides from various plant sources using a variety of techniques such as nuclear magnetic resonance (NMR), UV and IR spectrometry. Applications of MALDI to the analysis of glycosides and other natural products are summarised in Table [21](#mas21411-tbl-0021){ref-type="table"}.
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Several investigators have reported that the main fragmentation pathways of flavonoids are apparently independent of the ionization mode (ESI, atmospheric pressure chemical ionization (APCI), or MALDI) or the types of analyzers used to acquire the spectra (triQ, IT, or QTOF) as reported in a review of the structural characterization of flavonoid glycosides by multi‐stage MS (Vukics and Guttman, [2010](#mas21411-bib-1420){ref-type="ref"}). MALDI‐TOF (DHB) was used by Bankefors, Nord, and Kenne ([2010](#mas21411-bib-0077){ref-type="ref"}) to examine saponins from *Quillaja saponaria* bark extracts in connection with the development of a multidimensional method using HPLC and ESI‐IT MS^*n*^ for profiling complex mixtures of natural products.

12. MEDICAL APPLICATIONS {#mas21411-sec-0091}
========================

Increasing use of MALDI has been made in the characterization and detection of disease and in the identification of biomarkers. Some of the glycan biomarkers reported for, for example, cancer, however, appear to be more associated with glycoproteins involved in inflammation and are, thus, secondary to this disease. Blomme et al. ([2009](#mas21411-bib-0115){ref-type="ref"}) have noted that "Although individual liver diseases have their own specific markers, the same modifications, hyperfucosylation, increased branching and a bisecting GlcNAc, seem to continuously reappear in all liver diseases." Increases in fucosylated triantennary glycans from AGP is a case in point. Several reviews have appeared and are summarised in Table [22](#mas21411-tbl-0022){ref-type="table"}. Practical details for the characterization by MALDI‐TOF and ESI‐MS of *N*‐linked glycosylation on recombinant glycoproteins produced in *P. pastoris* (Gong et al., [2009](#mas21411-bib-0378){ref-type="ref"}) and for detecting potential cancer biomarkers in various cell lines and sera from patients (An & Lebrilla, [2010](#mas21411-bib-0035){ref-type="ref"}) have been published.

###### 

Reviews and General Articles on the Application of MALDI to Disease

  ----------------------------------------------
  ![](MAS-34-268-g024.jpg "mas21411-gra-0022")
  ----------------------------------------------

© 2014 Wiley Periodicals, Inc.

This article is being made freely available through PubMed Central as part of the COVID-19 public health emergency response. It can be used for unrestricted research re-use and analysis in any form or by any means with acknowledgement of the original source, for the duration of the public health emergency.

Bereman, Williams, and Muddiman ([2009a](#mas21411-bib-0097){ref-type="ref"}) have developed a nano‐LC linear trap quadrupole (LTQ) Orbitrap method for analysis of released *N*‐glycans and compared the spectra with those obtained by MALDI‐FT‐ICR. Whereas the MALDI spectra showed much loss of sialic acids from the sialylated glycans, the Orbitrap spectra showed no decomposition. The method was applied to glycans released from plasma glycoproteins in benign gynecologic tumors and from epithelial ovarian cancer patients. One of the biantennary glycans found to be down‐regulated in the cancer patients was a fucosylated biantennary glycan in which the fucose was unusually shown attached to a Gal residue rather than to the core as determined by MS/MS. The compounds were ionized as \[M+H\]^+^ species suggesting that this might be an erroneous structure and the result of an internal rearrangement that is known to occur under these conditions.

12.1. Cancer {#mas21411-sec-0092}
------------

A detailed statistical analysis has been performed on eight data sets of *N*‐glycans released from serum glycoproteins from prostate, breast and ovarian cancer patients (Barkauskas et al., [2009](#mas21411-bib-0084){ref-type="ref"}) and measured by MALDI‐FT‐ICR MS. Significant differences between control and cancer groups were found in all eight datasets. Two structurally related compounds were found to be significantly different between control and cancer groups in all three types of cancer. These compounds had compositions of Hex~3~‐HexNAc~4~‐Fuc~1~ and Hex~5~‐HexNAc~4~‐Fuc~1~ and were probably from IgG rather than being produced by the cancer cells.

Narimatsu et al. ([2010a](#mas21411-bib-0939){ref-type="ref"}) have developed a high‐throughput method for detecting cancer biomarkers in early stages of the disease. Briefly, the method consisted of the extraction of tissue mRNAs and measurement of the expression by quantitative real‐time polymerase chain reaction (PCR). The results suggested that different glycan structures were synthesized in different cell lines. Secreted proteins from the same cancer cells were collected from serum‐free culture and then applied to a lectin microarray to select lectin(s) that showed differential binding to glycoproteins secreted from each cancer cell line. After selection of a specific lectin, isotope‐coded glycosylation site‐specific tagging (IGOT) was used to identify core proteins that carry an epitope bound by a specific lectin. Each candidate biomarker was immunoprecipitated from serum using commercially available antibodies and their glycan structures were profiled by lectin microarray, and finally determined by MS^*n*^ technology with measurements by MALDI‐QIT‐TOF MS.

Other applications are listed in Table [23](#mas21411-tbl-0023){ref-type="table"}.
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13. BIOPHARMACEUTICALS {#mas21411-sec-0093}
======================

13.1. Therapeutic Antibodies {#mas21411-sec-0094}
----------------------------

There is currently great interest in the production of therapeutic antibodies and MALDI‐TOF MS is frequently used in the analysis of their attached glycans. Reviews have been published on methods for the production and MS analysis of IgG (Huhn et al., [2009](#mas21411-bib-0495){ref-type="ref"}) therapeutic antibodies (Beck et al., [2008](#mas21411-bib-0094){ref-type="ref"}; del Val, Kontoravdi, & Nagy, [2010](#mas21411-bib-0255){ref-type="ref"}; Higgins, [2010](#mas21411-bib-0457){ref-type="ref"}; Zhang, Pan, & Chen, [2009i](#mas21411-bib-1558){ref-type="ref"}) and on the humanization of recombinant glycoproteins expressed in insect cells (Tomiya, [2009](#mas21411-bib-1355){ref-type="ref"}). Practical details for characterization of antibody glycans have been published by several investigators (Gong et al., [2009](#mas21411-bib-0378){ref-type="ref"}; Janin‐Bussat et al., [2010a](#mas21411-bib-0540){ref-type="ref"},[2010b](#mas21411-bib-0541){ref-type="ref"}). A discussion, with experimental details, of methods based on blot detection with glycan‐specific probes, MS of released glycans and LC/MS detection of glycopeptides with the aim of determining whether, how and where plant‐derived biopharmaceuticals are glycosylated has also been published (Bardor et al., [2009](#mas21411-bib-0081){ref-type="ref"}).

Several new methods have been reported. Thus: A high‐throughput method for monitoring IgG glycosylation using a 96‐well plate format with IgGs purified from 2 µL of human plasma has been developed by Selman et al. ([2010](#mas21411-bib-1190){ref-type="ref"}). IgGs were extracted using immobilized protein A, cleaved with trypsin and the resulting glycopeptides were purified by reversed‐phase or hydrophilic interaction SPE. Glycopeptides were analyzed by intermediate pressure MALDI‐FTICR‐MS using both DHB and CHCA, both of which produced signals from sialylated as well as nonsialylated glycopeptides. The method showed an interday variation of below 10% for the six major glycoforms of both IgG1 and IgG2 and was found to be suitable for isotype‐specific high throughput IgG glycosylation profiling from human plasma. The method was applied to the IgG glycosylation of 62 human samples.

Two lectin‐affinity chromatography techniques, Con A and *Lens culinaris* agglutinin, have been used to enrich, by removal of high‐mannose glycans, the nonfucosylated *N*‐glycans from IgG with product detection by MALDI‐TOF following PNGase F digestion (Tojo et al., [2009](#mas21411-bib-1349){ref-type="ref"}).

Prien et al. ([2010](#mas21411-bib-1090){ref-type="ref"}) have used a stable isotopically labeled derivative for rapid glycan screening of biotherapeutics. Glycans were labeled with either \[^12^C~6~\]‐ or ^13^C~6~\]‐2‐AA for both MALDI‐TOF or LC‐MS analysis. The 2‐AA label provided high sensitivity detection in negative ion mode and the mass separation of six units between the isotopically labeled variants eliminated problems arising from isotopic overlap.

13.2. PEGylated Glycoproteins {#mas21411-sec-0095}
-----------------------------

PEGylation of proteins is frequently used to prolong the serum half‐life time of recombinant proteins but their very high MWs put many of them outside the mass range of commercial MALDI‐TOF systems using conventional secondary electron multiplier (SEM) detectors. Seyfried et al. ([2010](#mas21411-bib-1202){ref-type="ref"}) have investigated the use of a high mass (HM) detector combined with a MALDI linear TOF MS system for the detection of PEGylated (glyco)proteins in the range of 60--600 kDa. The system consisted of a Shimadzu AXIMA CFR+ instrument equipped with both a conventional detector and additionally, with an inline moveable HM ion conversion detector (ICD HM1, from CovalX). Spectra were run from sinapinic acid in the linear positive ion mode and were obtained from small (interferon α2a), middle (HSA) and high (coagulation factor VIII and von Willebrand factor (vWF), both heavily glycosylated proteins) molecular mass proteins. The particular challenge was the heterogeneity of the (glyco)proteins in the high MW range in combination with heterogeneity added by the PEGylation, Nevertheless, the performance of MALDI linear TOF MS was found to be superior to that of other methods. Although the SEM was able to obtain information about protein PEGylation in the mass range up to 100 kDa (e.g., PEGylated HSA), the HM system was crucial for detection of ions from the larger compounds, the masses of which sometimes exceeded 0.5 MDa. Detection of these compounds was impossible with the standard SEM. The particular challenge for the analysis was the heterogeneity of the (glyco)proteins in the high MW range in combination with additional PEGylation, which even introduced more heterogeneity and was more challenging for interpretation. Nevertheless, the performance of MALDI linear TOF MS with both detector systems in terms MW and heterogeneity determination depending on the *m*/*z* range was superior to the other methods.

13.3. Antibiotics {#mas21411-sec-0096}
-----------------

A novel method for the determination of aminoglycoside antibiotics used surface‐assisted laser desorption/ionization mass spectrometry (SALDI MS) with the aid of silver‐coated gold nanoparticles (Au\@AgNPs) capped by anionic citrate. These nanoparticles were used both as concentrating agents and as matrices in SALDI MS. The LODs at signal‐to‐noise ratio of 3 were 3, 25, 15, 30, and 38 nM for paromomycin, kanamycin A, neomycin, gentamicin and apramycin respectively. The LODs of the first four of these antibiotics in plasma samples were 9, 130, 81, and 180 nM respectively. Recoveries of the antibiotics from plasma were about 80% (Wang et al., [2009h](#mas21411-bib-1434){ref-type="ref"}).

Further examples of the use of MALDI MS in the analysis of therapeutics are given in Table [24](#mas21411-tbl-0024){ref-type="table"}.
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14. GLYCOSYLATION AND OTHER REACTION MECHANISMS {#mas21411-sec-0097}
===============================================

Applications in this section mainly involve the use of MALDI to investigate products of newly isolated enzymes. These are summarised in Table [25](#mas21411-tbl-0025){ref-type="table"}. Other studies are aimed at elucidating enzyme activity as illustrated by the development of a method to determine the cleavage site in small oligomannoses that has been developed by Hekmat et al. ([2010](#mas21411-bib-0451){ref-type="ref"}). Enzymatic cleavages were performed in ^18^O‐labeled water, conditions that introduced ^18^O into the anomeric position of the cleaved glycans. Thus, measurements by MALDI‐TOF could determine if a product arose from the non‐reducing end of the original oligomannose by its incorporation of the label.
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The addition of a small amount of various ionic liquids has been found to modify the activity and regioselectivity of different immobilized preparations of *Rhizomucor miehei* lipase that catalyzes the hydrolysis of hexa‐*O*‐acetyl lactal in aqueous media (Filice, Guisan, & Palomo, [2010](#mas21411-bib-0320){ref-type="ref"}). The activity of the enzyme GlcNAc‐transferase Vb, which transfers GlcNAc to the 6‐position of the 6‐antenna in *N*‐glycans has been compared with that of GnT‐V. One unusual product found after 8 hr was the addition of GlcNAc to the 6‐position of both antennae (Alvarez‐Manilla et al., [2010a](#mas21411-bib-0028){ref-type="ref"}).

15. CARBOHYDRATE SYNTHESIS {#mas21411-sec-0098}
==========================

Relevant reviews on carbohydrate synthesis are summarised in Table [26](#mas21411-tbl-0026){ref-type="table"}. Syntheses are achieved by purely chemical or enzymatic means or by a combination of both. MALDI‐TOF MS is used extensively in the analysis of products; examples are listed in Tables [27](#mas21411-tbl-0027){ref-type="table"}, [28](#mas21411-tbl-0028){ref-type="table"}. Reports of more general methods are listed in Table [29](#mas21411-tbl-0029){ref-type="table"} and general reactions in Table [30](#mas21411-tbl-0030){ref-type="table"}. Methods to change the glycosylation of a glycoprotein are common for recombinant antibiotic production as outlined above. A general method for producing homogeneous glycoproteins with eukaryotic *N*‐glycosylation has been reported and involves the transfer of the *Campylobacter jejuni* glycosylation machinery to *E. coli* and production of glycosylated proteins with the key GlcNAc‐Asn linkage. The bacterial glycans were then trimmed and remodeled *in vitro* by enzymatic transglycosylation to give a eukaryotic‐type *N*‐glycosylation (Schwarz et al., [2010](#mas21411-bib-1182){ref-type="ref"}).
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A method for immobilization of unstable membrane‐bound enzymes to a commercially available sepharose support for glycan synthesis has been published Ito et al. ([2010c](#mas21411-bib-0530){ref-type="ref"}). It involves modification of the protein C‐terminus and a transpeptidase reaction by *Staphylococcus aureus* sortase A (SrtA) has been developed. Recombinant human β1,4‐galactosyltranseferase or recombinant *H. pylori* α1,3‐fucosyltransferases were bound with simple aliphatic amino groups displayed on the surface of the solid support and were shown to have the required glycosyltransferase activity.

As with previous reviews in this series, two types of compound appear to be particularly suited to MALDI‐TOF analysis; namely glycodendrimers and carbohydrate/protein complexes.

15.1. Synthesis of Multivalent Carbohydrates, Dendrimers, and Glycoclusters {#mas21411-sec-0099}
---------------------------------------------------------------------------

An extensive review of dendrimers (Astruc, 2010 \#7260), with a section on glycodendrimers, illustrates the breadth of this subject. Masses of the larger compounds are frequently in the range 20--50 kDa. The largest compound, based on a polyglycerol scaffold contained an estimated 222 mannose residues but the authors had difficulty obtaining a MALDI spectrum because of the high MW. Syntheses frequently involve Huisgen‐type click chemistry because high‐yield reactions are essential when so many carbohydrate molecules have to be attached. Table [31](#mas21411-tbl-0031){ref-type="table"} lists papers reporting syntheses of glycodendrimers and similar compounds.
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15.2. Synthesis of Carbohydrate--Protein Conjugates {#mas21411-sec-0100}
---------------------------------------------------

Among the largest of these compounds to have been reported during the review period has involved conjugation of LPS‐derived oligosaccharides to diphtheria toxin CRM~197~ protein in an attempt to develop a vaccine against invasive meningococcal disease. Conjugates with a mass of 102 kDa were analyzed by MALDI‐TOF from sinapinic acid, the most widely used matrix for compounds of this type.

Conjugates can be characterized by MALDI‐TOF MS but for large molecules the resolving power of most instruments is insufficient to distinguish each product and only a broad peak is observed. Whereas the center of the peak represents the mean copy number of ligands per protein, information on the dispersity of the sample is usually neglected. Patel et al. ([2010](#mas21411-bib-1036){ref-type="ref"}) have produced a mathematical approach for calculating dispersity. By simply measuring the width at half maximum of the broad peaks that usually arise from carbohydrate--protein complexes and from the unmodified proteins, they were able to calculate the product distribution variance. Furthermore, since the area between ±2*σ* equates to 95% of the total, *µ* ± 2*σ* represents the range within which 95% of adducts exist, this gives a direct measure of dispersity.

As one example of the type of work involved with this type of compound, the glycosylation sites of O‐specific polysaccharide of *Vibrio cholerae* O1, serotype Ogawa linked to BSA *via* squaric acid chemistry have been determined by MALDI‐TOF/TOF MS (from CHCA). The spectra showed the presence of hapten--BSA neoglycoconjugates with different hapten--BSA ratios (4.3, 6.6, and 13.2). Sites of glycation were determined by comparison of the masses of the peptides resulting from the digestion of the BSA glycoconjugates and BSA itself using tandem MS/MS with a high‐collision energy cell. The spectra showed the presence of three conjugation sites on Lys residues 235, 437, and 455, assumed to be the most accessible. The identification of y‐series product ions was found to be useful for sequencing of various peptides and the a‐ and b‐product ions confirmed the sequence of the conjugated peptides (Jahouh et al., [2010](#mas21411-bib-0534){ref-type="ref"}). Other examples are listed in Table [32](#mas21411-tbl-0032){ref-type="table"}.
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16. MISCELLANEOUS STUDIES {#mas21411-sec-0101}
=========================

MALDI‐TOF analysis, combined with IR spectroscopy has demonstrated covalent modifications of chitin with silk‐like proteins in the formation of shells in the mollusc *Mytilus galloprovincialis* (Weiss et al., [2009](#mas21411-bib-1446){ref-type="ref"}). MALDI‐TOF MS has also been used as a standard against which to evaluate and optimize a Fluorophore‐assisted carbohydrate electrophoresis (FACE) method for analysis of pectic oligosaccharides (Sun et al., [2009a](#mas21411-bib-1281){ref-type="ref"}) (Article in Chinese). Koroleva et al. ([2010](#mas21411-bib-0667){ref-type="ref"}) have used MALDI‐TOF MS to identify all the major glucosinolates that accumulate in S‐cells of *Arabidopsis* leaves and flower stalks. Cell sap was diluted in 10 µL methanol and mixed 1:1 with CHCA before being spotted onto the MALDI target plate. The analysis was performed in negative‐ion mode using an Ultraflex TOF/TOF instrument. Finally, Mun, Rho, and Kim ([2009](#mas21411-bib-0917){ref-type="ref"}) have used MALDI to confirm the molecular sizes of commercial cycloamyloses and Patsos et al. ([2009](#mas21411-bib-1039){ref-type="ref"}) have used it to detect aryl glycans in cells treated with inhibitors of *O*‐glycan processing.

17. CONCLUSIONS {#mas21411-sec-0102}
===============

MALDI continues to be a major technique for carbohydrate analysis although electrospray is more widely used. A major advantage of MALDI is that is gives a cleaner profile of glycan mixtures because of the absence of multiple charging. New techniques, such as ion mobility have emerged to complement both MALDI and electrospray but there is still much scope for improvement in carbohydrate analysis. Surveys during the review period have highlighted the fact that many laboratories still make mistakes when assigning structures. Much of this can be attributed to assumptions made between a simple mass measurement and structure, particularly when structures are selected directly from databases. At present, no one mass spectrometric technique can identify all structural features of carbohydrates. Sialylated and sulfated glycans still remain a problem although sialylated glycans can be handled after suitable derivatization, particularly by permethylation or simply by methyl ester formation. Permethylation appears to be becoming more popular, particularly for quantification and MALDI. The next few years are expected to bring many developments, particularly in instrumentation and ionization techniques, that will possibly address some of the problems with carbohydrate analysis highlighted above.

18. Abbreviations {#mas21411-sec-0103}
=================

2‐AB2‐aminobenzamide2‐AA3‐aminobenzoic acid9‐AA9‐aminoacridineABOEaminobenzoic acid octyl esterAEAB2‐amino‐*N*‐(2‐aminoethyl)‐benzamideAGEadvanced glycation end productsAGPα1‐acid glycoproteinAlPcsaluminum‐phthalocyaninesα‐TFα‐Thomsen--Freidenreich antigenAllalloseAMACaminoacridoneAMT5‐amino‐2‐mercapto‐1,3,4‐thiadiazoleANNartificial neural networksANP2‐amino‐5‐nitro‐4‐picolineANSA5‐amino‐2‐naphthalenesulfonic acid2‐AP2‐aminopyridineAPBaminophenylboronicAPCIatmospheric pressure chemical ionizationApiapioseAPTS8‐aminopyrene‐1,3,6‐trisulphonic acidAQaminoquinoline (3‐ or 5‐)aoGNPaminooxy‐functionalized gold nanoparticleAraarabinoseAra4N4‐amino‐4‐deoxy‐[l]{.smallcaps}‐arabinopyranoseArgarginineAspaspartic acidAsnasparagineATPadenosine triphosphateATT6‐azo‐2‐thiothymineAuNPsgold nanoparticlesBacbacillosamine (2,4‐diamino‐2,4,6‐trideoxy‐[d]{.smallcaps}‐glucose)BACHbiotinamidocaproyl hydrazideBCGBacillus Calmette--GuérinBEMADβ‐elimination and Michael additionBHKbaby hamster kidneyBLACboronic acid lectin affinity chromatographyBMOSFboronic acid macroporous silica foamBMPwindows bitmapBOA(F)*O*‐(2,3,4,5,6‐pentafluorobenzyl)hydroxylamine hydrochlorideBODIPY4,4‐difluoro‐3a,4a‐diaza‐*s*‐indaceneBSAbovine serum albuminBSMbovine submaxillary mucinBSSLbile salt‐stimulated lipasebTSHbovine thyroid‐stimulating hormoneCDcyclodextrin or circular dichroism or nomenclature for cell‐surface moleculesCDGcongenital disorder of glycosylationCEcapillary electrophoresisCEACAMcarcinoembryonic antigen‐related cell adhesion moleculeCerceramideCFcore fucosylatedCFGconsortium for functional glycomicsCFRcurved‐field reflectronCGEcapillary gel electrophoresisCHCAα‐cyano‐4‐hydroxycinnamic acidCHOChinese hamster ovaryCIDcollision‐induced dissociation (decomposition)CMBT5‐chloro‐2‐mercaptobenzothiazoleConAconcanavalin ACon Aconcanavalin A (lectin)CoVcoronavirusCyscysteineDaDaltonDC‐SIGNdendritic cell‐specific ICAM3‐grabbing nonintegrinDCTB2‐\[4‐*tert*‐butylphenyl‐2‐methylprop‐2‐enylidene\]‐malonitrileDEAdissociative electron attachmentDha3‐deoxy‐[d]{.smallcaps}‐lyxo‐2‐heptulosonic acidDHAPdihydroxyacetophenone (2,6‐unless stated otherwise)DHBdihydroxybenzoic acidDMA*N*,*N*‐dimethylanilineDMAN1,8‐*bis*(dimethylamino)naphthaleneDMB1,2‐diamino‐4,5‐methylenedioxybenzeneDMSOdimethylsulfoxideDMT‐MM4‐(4,6‐dimethoxy‐1,2,3‐triazil‐2‐yl)‐4‐methylmorpholinium chlorideDNAdeoxyribonucleic acidDoldolicholDOPAL‐3,4‐dihydroxyphenylalanineDPdegree of polymerizationDSA*Datura stramonium* agglutinin (lectin)DTTdithiothreitolECMextra‐cellular matrixEDC1‐ethyl‐3‐(3‐imethylaminopropyl) carbodiimide hydrochlorideEDIelectrospray droplet impactEDTAethylenediaminetetraacetic acidCEACAM1carcinoembryonic antigen‐related cell adhesion molecule 1Endo‐F (H, M)endoglycosidase‐F (H, M)EPOerythropoeitinEPRelectron paramagnetic resonanceEPSextracellular polysaccharideERendoplasmic reticulumESIelectrospray ionizationETDelectron transfer dissociatiomEtNethanolamine*f* (as in Gal*f*)furanose form of sugar ringFABfast atom bombardmentFACEfluorophore‐assisted carbohydrate electrophoresisFAIMSfield asymmetric waveform ion mobility spectrometryFcfragment (crystallisable) region of IgGFmoc9‐fluorenylmethoxycarbonylFrufructoseF‐SPEfluorous solid phase extractionFTFourier transformFucfucoseG0 (G1, G2)biantennary glycans with 0, (1 or 2) galactose residuesG3CAcoumaric 1,1,3,3,‐tetra‐methylguanidineGABAgamma‐aminobutyric acidGAGSglycosaminoglycansGalgalactoseGalAgalacturonic acidGalNgalactosamineGalNAc*N*‐acetylgalactosamineG3CAcoumaric 1,1,3,3,‐tetra‐methylguanidine (liquid matrix)GaPcsgallium‐phthalocyaninesGC/MSgas chromatography/mass spectrometryGD1aganglioside αNeu5Ac‐(2 → 3)‐β‐[d]{.smallcaps}‐Gal*p*‐(1 → 3)‐β‐[d]{.smallcaps}‐GalNAc‐(1 → 4)‐\[αNeu5Ac(2‐3)\]‐β‐D‐Gal*p*‐(1 → 4)‐β‐D‐Glc*p*‐(1 → 1)‐CerGlcglucoseGLCgas--liquid chromatographyGlcAglucuronic acidGlcNglucosamineGlcNAc*N*‐acetylglucosamineGlnglutamineGluglutamic acidGlyglycineGM1ganglioside (β‐[d]{.smallcaps}‐Gal*p*‐(1 → 3)‐β‐[d]{.smallcaps}‐GalNAc\[αNeu5Ac(2 → 3)\]‐β‐[d]{.smallcaps}‐Gal*p*‐(1 → 4)‐β‐[d]{.smallcaps}‐Glc*p*(1 → 1)Cer)GM3ganglioside (αNeu5Ac‐(2 → 3)‐β‐[d]{.smallcaps}‐Gal*p*‐(1 → 4)‐β‐[d]{.smallcaps}‐Glc*p*‐(1 → 1)Cer)GMDBglycan mass spectral databaseGnTGlcNAc transferaseGPIglycosyl‐phosphatidylinositolGRILglycan reductive isotope labelingGSLglycosphingolipidGT*galacto*‐trehaloseGXglucuronoxylanHABA2‐(4′hydroxyphenyl)azobenzoic acidHALSshindered amine light stabilizersHAREhyaluronic acid receptor for endocytosisHD5human α‐defensinHEKhuman embryonic kidneyHepheptoseHexhexoseHexAhexuronic acidHexNAc*N*‐acetylhexosamineHF5hollow fiber flow field‐flow fractionationHFBAheptafluorobutyric acidHFMPhydrazine functionalized carboxyl and epoxysilanized magnetic particleshFSHhuman follicle‐stimulating hormoneHILIChydrophilic interaction chromatographyHIQhydroxyisoquinolineHIVhuman immunodefficiency virusHLG2ganglioside (Neu5Gc‐α‐(2 → 4)‐Neu5Ac‐α‐(2 → 6)‐Glc*p*‐(1 → 1)Cer)HMhigh massHNKhuman natural killerHPAhydroxypicolinic acidHPAEChigh‐performance anion exchange chromatographyHPLChigh performance liquid chromatographyHRPhorseradish peroxidaseHSheparan sulfateHSAhuman serum albuminICAMintercellular adhesion moleculeICRion cyclotron resonanceIdoAiduronic acidIgA (G or M)immunoglobulin A (G or M)IGOTisotope‐coded glycosylation site‐specific taggingInPcsindium‐phthalocyaninesIRinfraredIRMPDinfrared multiphoton dissociationISDin‐source decayITion trapITOindium‐tin oxideIUPACInternational Union of Pure and Applied ChemistryKDELpeptide sequence (Lys‐Asp‐Glu‐Leu)Kdo3‐deoxy‐[d]{.smallcaps}‐*manno*‐oct‐2‐ulosonic acidKEGGKyoto encyclopedia of genes and genomesKo[d]{.smallcaps}‐*glycero*‐[d]{.smallcaps}‐*talo*‐oct‐2‐ulosonic acidL‐linear (as in linear‐TOF)Laclactose (Gal‐β‐(1 → 4)‐Glc)LACligand affinity captureLacdiNAcGalNAc‐β‐(1 → 4)‐GlcNAcLacNAc*N*‐acetyl‐lactose (Gal‐β‐(1 → 4)‐GlcNAc)LAMlipoarabinomannanLCliquid chromatographyLDMSlaser desorption mass spectrometryLIFlaser‐induced fluorescenceLNDFHlacto‐di‐fucohexaoseLNFPlacto‐*N*‐fucopentaoseLODlimit of detectionLOSlipooligosaccharideLPSlipopolysaccharidesLTQlinear trap quadrupoleLTAlipoteichoic acidLTQlinear quadrupole ion trap mass spectrometerLyslysineMAb (MAB)monoclonal antibodyMALDImatrix‐assisted laser desorption/ionization mass spectrometryMalZmaltodextrin glucosidaseManmannoseManNAc*N*‐acetylmannosamineMDBKMadin--Darby bovine kidney cellsMELmannosyl‐erythritol lipidmf‐MELDImatrix‐free material‐enhanced laser desorption/ionization mass spectrometryMHCmajor histocompatibility complexMOSF*Macroporous silica* foamMPcmetal‐phthalocyaninesMSmass spectrometryMSImass spectrometric imagingMS^*n*^MS fragmentation n timesMTT3‐methyl‐1‐*p*‐tolyltriazeneMUCmucinMWmolecular weightMurNAc*N*‐acetyl muramic acid*m*/*z*mass to charge ratio4‐NA4‐nitroanilineNAcLac*N*‐acetyllactosamineNAc‐NAc*N*‐acetyl‐lactosamineNAIMnaphthimidazoleNALDInano‐assisted laser desorption‐ionizationnano‐PALDInanoparticle‐assisted laser desorption/ionizationNBD7‐nitro‐2,1,3‐benzoxadiazoleNd:YAGneodymium‐doped yttrium aluminium garnet (laser)Neu5Ac*N*‐acetylneuraminic (sialic) acidNeu5Gc*N*‐glycoylneuraminic acidNIMSnanostructure‐initiator mass spectrometryNIS*N*‐iodosuccinimideNMRnuclear magnetic resonanceNODnodulation (as in nodulation factor)NPnormal phaseOCNoscillating capillary nebulizerOEGoligo (ethylene glycol)ORDoptical rotatory dispersionOSoperating system*p* (as in Gl*cp*)pyranose form of sugar ringPADpulsed amperometric detectionPAEA2‐(2‐pyridylamino)ethylaminePAFplatelet‐activating factorPAGEpolyacrylamide gel electrophoresisPAHpolycyclic aromatic hydrocarbonPAMAMpoly(amidoamine)PBSphosphate buffered salinePCRpolymerase chain reactionPEGpolyethylene glycolPETpositron emission tomographyPEt*N*phosphoethanolaminePGMporcine gastric mucinPhephenylalaninePIphosphatidylinositolPIMphosphatidyl‐*myo*‐inositol mannosidesPKBproteine kinase BPMGpyrenemethylguanidinePNGPortable Network GraphicsPNGaseprotein‐*N*‐glycosidasePNIPAMpoly(*N*‐*iso*propylacrylamide)Ppgpolyprenylphospho‐GalNAcPPMpolyprenolphoshomannosePSpolysaccharidePSAporcine serum albuminPSDpost‐source decayPse5,7‐diamino‐3,5,7,9‐tetradeoxy‐[l]{.smallcaps}‐*glycero*‐[l]{.smallcaps}‐*manno*‐non‐2‐ulosonic acid (pseudaminic acid)PSGLP‐selectin glycoprotein ligandpsiPounds per square inchPsipsicosePVDFpolyvinylidine difluoridePyAOP(7‐azabenzotriazol‐1‐yloxy) *tris*‐pyrrolidinophosphoniumexafluoro‐phosphateQquadrupoleQITquadrupole ion trapR‐reflectron (as in R‐TOF)RArheumatoid arthritisRAFTreversible addition‐fragmentation chain transferRGMrat gastric mucinRharhamnose (6‐deoxymannose)RNAribonucleic acidRNaseribonucleaseRPreversed phaseSALDIsurface‐assisted laser desorption/ionizationSAMself‐assembled monolayerSARSsevere acute respiratory syndromes‐DHBsuper‐DHB (DHB + 2‐OH,5‐OMe‐benzoic acid)SDstandard deviationSDSsodium dodecyl sulfateSECsize‐exclusion chromatographySEKDELpeptide sequence (Ser--Glu--Lys--Asp--Glu--Leu)SELDIsurface‐enhanced laser desorption/ionizationSEMsecondary electron multiplierSerserinesIgAsecretory IgASIMSsecondary ion mass spectrometry*S*/*N*signal‐to‐noise ratioSORIsustained off resonance irradiationSPRsurface plasmon resonanceSPEsolid‐phase extractionSrtAsortase ASTLsuccinoyl trehalose lipidSynCAMsynaptic cell adhesion molecule‐T (as GlcNAc‐T)transferaseTaltaloseTBtuberculosisTEMPO2,2,6,6‐tetramethylpiperidine‐1‐oxylTFtransferrinTFAtrifluoroacetic acidTHAPtrihydroxyacetophenone (usually 2,4,6‐isomer)THP1human acute monocytic leukemia cell lineThrthreonineTLCthin‐layer chromatographyTMG*N*,*N*,*N*‐trimethyl‐[d]{.smallcaps}‐glucosamineTMPPtris(2,4,6‐trimethoxyphenyl)phosphonium derivativeTMStrimethylsilylTMSOTftrimethylsilyl triflateTNFtumor necrosis factorTOFtime‐of‐flightTOSILtandem ^18^O stable isotope labelingTPAtissue plasminogen activatorTROC2,2,2‐trichlororthoxycarbonylTrptryptophanTWIMStraveling wave ion mobility spectrometryTyrtyrosineUDPuridine diphosph(ate)(o)UVultravioletVEGFvascular endothelial growth factorVPBA4‐vinylphenylboronic acidvWFvon Willebrand factorWGAwheat germ agglutinin (lectin)WTwild type*X*xylose*X*~n~*G*~n~xyloglucans (e.g., XXXG)XOSxylooligosaccharidesXxxany amino acidXylxyloseXyGxyloglucanZIC‐HILICzwitterionic hydrophilic interaction liquid chromatography
